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RESUMEN EN CASTELLANO
Esta tesis recoge la labor de investigación que se ha llevado a cabo en
los últimos cinco años y que fundamentalmente se ha centrado en el
estudio de la co-chaperona humana R2TP (hR2TP). 
Resultado de esta tesis es mejor nuestro conocimiento sobre el
hR2TP.  Este  complejo  está  formado  por  las  proteínas:  RuvBL1,
RuvBL2, RPAP3 y PIH1D1. El hR2TP tiene una función co-chaperona,
siendo capaz de unirse a la chaperona llamada “heat shock protein 90”
(HSP90) (Vaughan, 2014; Pearl, 2016). Los mecanismos por los cuales
el R2TP humano es capaz de llevar a cabo la correcta activación y el
ensamblaje  de  otros  complejos  fundamentales  a  nivel  celular  son
todavía desconocidos. 
La  primera  vez  que se  describió  el  complejo  R2TP fue  en la
levadura  Saccharomyces  cerevisiae.  En  este  organismo  aparece
formado por: Rvb1p, Rvb2p, Tah1p y Pih1p y de ahí su nombre (R2TP)
(Zhao  et  al,  2005).  El  R2TP tiene  una  gran  importancia  celular.  Se
encuentra involucrado en múltiples procesos biológicos incluyendo la
biogénesis  de  la  caja  C/D  de  las  ribonucleoproteinas  nucleolares
pequeñas (snoRNP), apoptosis, maduración de las quinasas similares
a  las  fosfatidilinositol-3-quinasas  (PIKK)  y  el  ensamblaje  de  la  RNA
polimerasa II (Kakihara & Houry, 2012). Actualmente se desconocen los
mecanismos  de  actuación  por  los  cuales  el  R2TP lleva  a  cabo  las
funciones de activación y regulación de los procesos celulares en los
que participa.
Como objetivo de estudio nos propusimos definir la organización
estructural  tridimensional  (3D)  del  complejo  hR2TP.  Así  como,
proporcionar una visión más detallada de los mecanismos de unión a
HSP90  y  que  estabilizan  la  asociación  del  complejo  chaperona/co-
chaperona.
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En  este  trabajo  se  analizó  bioquímica  y  estructuralmente  el
hR2TP y se propusieron modelos de acción celular de dicho complejo.
En primer  lugar, se  produjeron los  sub-complejos  RuvBL1-RuvBL2 y
RPAP3-PIH1D1  por  separado.  Ambos  complejos  se  purificaron  y
analizaron  en  detalle.  Dichas  preparaciones,  de  alta  pureza,  se
utilizaron para reconstituir  in  vitro el  hR2TP. Los principales métodos
bioquímicos  utilizados  para  la  caracterización  y  el  análisis  de  las
proteínas, fueron ensayos de interacción por afinidad, filtración en gel,
gradiente de sacarosa y fijación con glutaraldehído.
Posteriormente,  el  hR2TP  ensamblado  se  analizó  por  crio-
microscopia electrónica.  Mediante el  procesamiento de las imágenes
del  hR2TP  ha  sido  posible  resolver  la  estructura  tridimensional  del
mismo alcanzando una resolución promedio de 4.3 Å. De la estructura
se puede determinar que las proteínas RuvBL1 y RuvBL2 forman una
plataforma  para  el  anclaje  de  RPAP3-PIH1D1.  Estas  ultimas  son
fundamentales en el proceso de reclutamiento de la chaperona HSP90,
que es la que finalmente  da lugar  a  la  activación y maduración de
complejos fundamentales en diversos procesos celulares.
El resultado de este trabajo es que gracias a la caracterización
estructural a alta resolución del complejo hR2TP hemos podido mejorar
nuestro  conocimiento  sobre  los  procesos  celulares  que  rigen  la
maduración de PIKKs, telomerasa y el ensamblaje de RNA polimerasa
II entre otros.
PALABRAS CLAVE
R2TP,  RuvBL1,  RuvBL2,  RPAP3,  PIH1D1,  HSP90,  PIKKs,
chaperona, bioquímica, estructura, función, crio-microscopia electrónica
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SUMMARY
This thesis presents the research that has been carried out by Hugo
Muñoz-Hernández during the last five years. The work has focused on
the study of  the structure of  the human R2TP complex (hR2TP),  an
HSP90-co-chaperone.  The R2TP complex was described for  the first
time  in  Saccharomyces  cerevisiae.  In  this  organism  the  complex  is
formed  by  Rvb1p,  Rvb2p,  Tah1p  and  Pih1p  proteins,  and  these
components  give  the  name to  the  complex  (Zhao  et  al,  2005).  The
hR2TP has a co-chaperone function and interacts with the "heat shock
protein  90"  (HSP90)  chaperone.  R2TP-HSP90  is  involved  in  the
biogenesis  of  the  C/D  box  of  small  nucleolar  ribonucleoprotein
(snoRNP),  the  maturation  of  phosphatidylinositol-3-kinase  related
kinases (PIKKs) and the assembly of RNA polymerase II.  How hR2TP
is  able  to  carry  out  the  correct  activation  and  assembly  of  these
fundamental complexes at the cellular level is still unknown (Kakihara &
Houry, 2012).
The  main  contribution  from  this  work  is  improving  our
knowledge about  the structure of  hR2TP. In  humans this  complex is
formed by the following proteins: RuvBL1, RuvBL2, RPAP3 and PIH1D1.
We  have  defined  the  three-dimensional  (3D)  structural
organization of the hR2TP complex. For this, the RuvBL1-RuvBL2 and
RPAP3-PIH1D1  sub-complexes  were  produced  separately  and  these
preparations  were  used  to  reconstitute  hR2TP  in  vitro.  The  main
biochemical methods used for protein characterization and analysis of
these proteins and their complexes were affinity purifications, pull down
experiments,  gel  filtration  chromatography,  sucrose  gradient  and
glutaraldehyde cross-linking. 
Subsequently, the reconstituted hR2TP was analysed by cryo-
electron microscopy. From the structure of hR2TP it can be determined
that RuvBL1 and RuvBL2 proteins form a platform for the anchoring of
RPAP3-PIH1D1. RPAP3 is fundamental  in the recruitment process of
the RuvBL1-RuvBL2 complex and also the HSP90 chaperone, and we
have also started to explore how HSP90 is recruited by the R2TP. In
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addition, we have started to prepare the protein samples that will  be
needed in the future to study the recognition of several client proteins by
the R2TP.
Al together, we provide a first view of the structural architecture of
the  hR2TP  complex,  a  first  step  towards  understanding  important
cellular processes that govern the maturation of PIKKs, telomerase and
the assembly of RNA polymerase II among others. 
KEYWORDS
R2TP, RuvBL1, RuvBL2, RPAP3, PIH1D1, HSP90, PIKKs, chaperone,
biochemistry, structure, function, cryo-electron microscopy 
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      1. INTRODUCTION

INTRODUCTION
Chapter 1.  INTRODUCTION
1.1. Structural studies in Molecular Biology
All procedures followed in this thesis correspond to the area of structural
Biology. For this reason, it is important to recover a brief introduction in
structural  biology. Biomolecules are  molecules  that  occur  naturally  in
living  organisms.  Biomolecules  include  macromolecules  like  proteins,
carbohydrates, lipids and nucleic acids and consists mainly of carbon
and  hydrogen  with  nitrogen,  oxygen,  sulfur,  and  phosphorus  (Figure
1.1A). The structural studies in molecular biology seek to understand the
structure, function and interactions of biologically important molecules at
the  atomic,  molecular  and  supramolecular  level.  A  major  goal  of
structural  biology  is  to  provide  mechanistic  understanding  of  critical
biological  processes.  The  most  detailed  insights  come  from  atomic
structures  of  macromolecules  and  complexes  involved  in  these
processes  in  relevant  functional  states.  Beyond  basic  research,
obtaining atomic structures of drug targets is also a standard approach
in  the  pharmaceutical  industry  in  the  design  and  optimization  of
therapeutic compounds.
The  main  analytical  methods  employed  in  structural  biology
include  X-ray  crystallography,  Nuclear  Magnetic  resonance  (NMR),
electron  microscopy  (EM)  and  computational  and  theoretical  studies,
allied  to  biochemical  and  molecular  biological  approaches.  Particular
biological  areas  of  focus  include  protein-protein  complexes,  protein-
nucleic  acid  complexes,  molecules  involved  in  cellular  transport  or
motility,  membrane  proteins  and  structures  associated  with  human
disease.  The scientific  community  is  a  diverse network of  interacting
scientists,  for  example  there  is  an  increasing  emphasis  on  analysis,
interpretation and use of the wealth of data rapidly accumulated from
multiple  projects.  Finally,  this  means  a  continuing  development  of
computational  techniques  and  instrumentation,  where  these  are
essential for scientific progress. The first DNA structural information was
27
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obtained in 1953, James Watson and Francis Crick published their work
on the molecular structure of DNA double helix after observing the X-ray
diffraction  results  done  by  Rosalind  Franklin  and  Maurice  Wilkins
(Watson,  J.  D.;  Crick,  1953).  The  simple  base  pairings,
Adenine:Thymine  and  Cytosine:Guanine,   revolutionized  virtually  all
biological  science  fields.  Understanding  the  genome  of  organisms,
especially humans, was believed to be the Holy Grail in understanding
organism development and disease. This led to the race to publish the
whole human genome. The human genome project was completed in
2003.
Figure  1.1 Introduction to structural biology. 
(A)  Main  molecules  present  in  living  organism.  There  are  four  major  classes  of
biomolecules, from the left to right and down are represented: carbohydrates, proteins,
nucleic acids and lipids.
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(B) Rate of protein structure determination by method and year 
(C) Transmission electron microscope scheme. 
It took about half a century from the discovery of DNA structure to
the completion of the human genome. While we understand more about
the  DNA structure  and  the  genome  of  several  organisms,  such  as
humans,  fruit  flies,  laboratory  mice,  rice,  etc,  the  understanding  of
protein structure is still limited. 
In the 70's appears the Protein Data Bank (PDB), PDB is a data
base for the three-dimensional (3D) structural data of large biological
molecules. Most of the structures are solved by X-ray, for example in
2014, around 90% of the protein structures available in the PDB had
determined by X-ray crystallography. This method allows measuring the
three-dimensional density distribution of electrons in the protein, in the
crystallized state, and thereby infer the 3D coordinates of all the atoms
to be determined to a certain resolution. In contrast other methods as
NMR or EM were used to obtain around 10% of the protein structures
available in 2014 in the PDB, roughly 9% of the known protein structures
have been obtained by nuclear magnetic resonance techniques (Figure
1.1B). It is important to mention that biophysic is a really powerful for
structural  biological  studies.  For  example,  the  secondary  structure
composition  can  be  determined  via  circular  dichroism,  vibrational
spectroscopy  can  also  be  used  to  characterize  the  conformation  of
peptides,  polypeptides,  and  proteins.  Two-dimensional  infra-red
spectroscopy  has  become  a  valuable  method  to  investigate  the
structures of small  peptides and proteins that  cannot be studied with
other  methods.  Cryo-electron  microscopy  (Cryo-EM)  has  recently
become a means of determining protein structures to high resolution,
less than 3 Angstrom (Å). For instance several biomolecules structures
have been solved by cryo-EM in the last few years, such as viruses,
proteins  and  DNA:protein  complexes.  At  this  point  it  is  possible  to
anticipate an increase in power as a tool for high resolution work in the
next  decade.  This  technique  has  become  a  revolutionary  valuable
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resource for researchers working with large protein complexes but small
proteins around 150 kDa start to be solved by cryo-electron microscopy
(Grassucci et al, 2007; Cheng, 2015). 
Now,  cryo-EM method rivals X-ray crystallography in terms of
resolution  and  can  be  used  to  determine  atomic  structures  of
macromolecules that are either refractory to crystallization or difficult to
crystallize in specific functional states. Actually, the size of  the molecule
is  critical  in  crystallization procedure and most  of  the high resolution
structures solved are small molecules (below 100 kDa) (Orlowska et al,
2013)(Li et al, 2013). Thus cryo-EM is well suited to study the structure
of macromolecules.
1.2. Three-dimensional  Electron  Microscopy  for  life  science
research
Three-dimensional  electron  microscopy  (3D-EM)  is  a  potential
alternative  to  X-ray  crystallography  that  is  quickly  gaining  popularity
among structural biologists.  In 3D-EM, biological samples are directly
visualized using transmission electron microscopy (TEM)  (Fernandez-
Leiro & Scheres, 2016; Nogales & Scheres, 2015). TEM is a microscopy
technique in which a beam of electrons is transmitted through an ultra-
thin specimen, interacting with the specimen as it passes through it. An
image is formed from the interaction of the electrons transmitted through
the  specimen;  the  image  is  magnified  and  focused  onto  an  imaging
device, such as a fluorescent screen, on a layer of photographic film, or
to be detected by a sensor such as a charge-coupled device (CCD).
This generates 2D images corresponding to a projection of the structure
in the direction of the electron path (Figure 1.1C). A 3D reconstruction is
obtained by combining images corresponding to different views of the
object under study. In certain cases, different views of the object are
produced  by  tilting  the  sample  stage,  as  is  the  case  of  electron
tomographic studies of unique structures that are imaged multiple times
in different orientations, or in the case of 2D crystals, where different
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crystals are each imaged once but in different orientations that are later
combined.
More  generally  in  the  study  of  purified  macromolecular
complexes, individual molecules adopt multiple orientations on the EM
grid. Projections of those individual molecules are selected. At the end,
multiple views of the structure are obtained. Different strategies can be
used  to  define  the  relative  orientations  of  the  projection  images  to
produce a 3D reconstruction using computational  tools referred to as
single-particle analysis. Single-particle analysis is making this variety of
EM  studies  predominant  today  in  the  pursuit  of  high-resolution
macromolecular structure. 
Biological samples can either be stained with a low-concentration
solution of heavy metals (typically uranyl acetate or formiate) and dried
before being inserting into the microscope, or ideally studied in a frozen
hydrated state after  vitrification (cryo-EM).  The first  method,  negative
staining, produces high-contrast images but is limited in resolution (to
about 15 Å due to the grain size of the stain), may cause deformation of
the most  fragile samples during drying,  and does not generally allow
visualization of nucleic acids. This methodology has been used since the
1970’s,  and it  is  still  common in  the  study  of  small  macromolecules
>200kDa. Advantages of cryo-EM are multiple, such as that the sample
does not require dehydration, can visualize proteins as well as DNA and
RNA, and has the potential to produce higher-resolution structures. In
this case, sample is loaded into a grid (Figure 1.3A). The grid is quickly
frozen in liquid ethane at -180 ºC (Henderson & McMullan, 2013). High
vacuum and stable temperature under -155 º  C in the column of the
microscope,  keep  the  cryo-grid  ready  for  the  analysis.  Microscopy
people, often analyze the sample by negative stain and then they will
decide to move to cryo-EM or to characterize better the sample (Figure
1.2).
More  recently,  a  new  generation  of  microscopes  made  a  big
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revolution. At this time microscope operated at 300 kV are very stable
machines.  Microscopes  are  equipped  with  an  optimal  thermal  and
acoustic shielding. Minimal thermal drift due to new generation of lenses
and robotics loading of up to 12 frozen, hydrated samples for increased
throughput.  The  revolutionary  machines  permit  a  full  range  of  semi-
automated  applications,  including  single  particle,  tomography,  2D
electron crystallography. In this new generation of microscopes many
parameters can be controlled, this is the case of vacuum, temperature,
position of stage, grid autoloader. 
Figure  1.2 Typical electron microscopy work-flow. 
Another  breakthrough  in  3D-EM  is  the  development  of  direct
electron  detectors  (DEDs)  (Mcmullan  et  al,  2016).  The  apparition  of
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DEDs 10 years ago, has drastically improved signal-to-noise ratio (SNR)
in  the  experimental  data,  while  powerful  new  image  processing
algorithms  have  been  developed  for  the  correction  of  beam-induced
motion and the classification of distinct structural states. To preserve the
high-resolution contrast, images have traditionally been recorded using
photographic film. Film combines relatively high sensitivity with a large
active area, both of which are particularly important when working with
beam-sensitive  specimens,  such  as  biological  material  (Grant  &
Grigorieff, 2015). Images recorded from these samples suffer from low
signal-to-noise  ratio  (SNR)  due  to  the  small  total  dose  (20-30
electrons/Å2)  that must  be used;  many images must  be averaged to
suppress the noise and amplify the signal. Although photographic film
has desirable properties as a detector, data collection cannot easily be
automated.  Until  recently, the  only  electronic  detectors  that  could  be
used  with  automation  incorporated  scintillators.  Scintillator  based-
detectors turn incident electrons into light, which is then detected by a
CCD  or  complementary  metal–oxide–semiconductor  sensor  (CMOS
sensor) (Faruqi & Henderson, 2007). The small area and relatively low
sensitivity of these detectors makes them suboptimal for low-dose cryo-
EM. The new type of detector, DED uses a CMOS-based active pixel
sensor.  The  sensor  can  count  directly  the  electrons.  Such  detectors
bypasses  scintillators  and  offer  significantly  improved  sensitivity  and
output SNR (Figure 1.3B,C) (McMullan et al, 2009).
Detector performance can be evaluated quantitatively using the
detective quantum efficiency (DQE), which measures how much noise a
detector adds to a recorded image (McMullan et al, 2014). DEDs have
the advantage of providing immediate access to digital  images, while
also having a significantly improved DQE, even better than photographic
film.  Apart  from a  higher  DQE,  the  current  CMOS-based DEDs also
allow the recording of movies at frame rates of 10s to 100s of frames
per  second,  which  is  sufficient  to  correct  for  beam-induced  sample
movement,  enhancing  high-resolution  contrast  (Brilot  et  al,  2012;
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Hussain  et  al,  2016;  Scheres,  2014;  Zheng  et  al,  2016).  The
performance of DEDs varies with dose rate and beam energy, and can
degrade  over  time  due  to  beam damage.  Quantitative  evaluation  of
detector  performance  is  therefore  also  useful  to  determine  optimal
imaging parameters and detector lifetime. 
Figure  1.3 Electron microscopy panel. 
(A) Top and bottom view of grids used for transmission electron microscopy, sample is
loaded  in  this  kind  of  supported,  schematic  side  view  represents  the  carbon  film
support with molecules in the carbon part.
(B) Scheme of  a direct  electron detection,  electron heat the detector and signal  is
reduced to only one pixel. The two mode of detection are represented.
(C) Measured DQE as a function of spatial frequency for the DE-20 (Direct electron)
(green), Falcon II (FEI) (red) and K2 Summit (GATAN)(blue). The corresponding DQE
of photographic film from G. McMullan et al. 2009  is shown in black.
(D) Comparison of image collection versus movie record.
Together,  these  developments  (better  microscopes,  direct
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detectors,  movie  record,  software  and  computing  improvements)  are
revolutionizing cryo-EM structure determination. With all of this we can
chose cryo-EM as a good tool to study molecular biology.
1.3. HSP90 chaperone and co-chaperones complexes
Heat  shock  protein  90  (HSP90)  is  a  molecular  chaperone  that  is
involved in the activation of a variety of client proteins. This molecular
chaperone is implicated in folding and assembly of a large and diverse
set of  proteins and molecular complexes. Specificity for  substrates is
achieved in some cases by the intervention of co-chaperones, one of
whose  functions  would  be  to  help  bringing  together  Hsp90  to  its
substrate. Some of the co-chaperones can be themselves large multi-
subunit complexes, adding further levels of complexity in the regulation
of Hsp90-mediated folding/assembly (Pearl, 2016; Southworth & Agard,
2011; Prodromou, 2016).
Its name refers to the molecular weight, which is 90 kDa. HSP90
is extremely conserved in different organisms from bacteria to human.
HSP90  has  adenylpyrophosphatase  (ATPase)  activity  and  it  is
structurally divided in three domains. HSP90 consist  of an N-terminal
nucleotide binding domain (NBD), a middle domain (MD), which it the
region normally involved in client binding, and a C-terminal dimerization
domain  (CD).  HSP90s  usually  forms  a  homo-dimer.  Research  on
different HSP90 proteins showed almost identical domain structures but
substantially  different  domain  orientations  (Figure  1.5)  (Mayer  et  al,
2009). Also it has been described a conformational dynamic of HSP90
and  how  these  different  conformations  relate  to  the  ATPase  activity
(Prodromou, 2016).
Because of the client diversity of HSP90 a whole variety of co-
chaperones also regulate its activity and some are directly responsible
for  delivery  of  client  protein.  In  eukaryotic  cells,  more  than  20  co-
chaperones have been identified to regulate the function of HSP90 in
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different ways, such as the inhibition and activation of its ATPase activity
as well as recruitment of specific client proteins (Table 1.1). 
Co-chaperones
Mammal protein Yeast protein Function
Hop Sti1 Scaffold for Hsp90/Hsp70 interaction; involved
in client protein maturation; inhibition of Hsp90
ATPase
Cyp40 Cpr6/Cpr7 Peptidy-prolyl-isomerase; chaperone; involved
in client protein maturation
Fkbp52 None Peptidy-prolyl-isomerase; chaperone; involved
in client protein maturation
CHIP None Ubiquitin  ligase,  tagging  protein  for  degrada-
tion
Tpr2 None Tpr2  recognizes  both  Hsp70  and  Hsp90
through its TPR domains. It may mediates the
retrograde  transfer  of  substrates  from Hsp90
onto Hsp70
PP5 Ppt1 Phosphatase
Tom70 Tom70p Mitochondrial protein import
Aha1 Aha1 Stimulates ATPase activity; induces conforma-
tion changes in Hsp90
Spagh/RPAP3 Tah1 Forms the R2TP complex with Pih1 and Rvb1-
Rvb2
p23 Sba1 Involved in client protein maturation; inhibition
of Hsp90 ATPase; chaperone
Cdc37 Cdc37 Kinase-specific  co-chaperone;  inhibition  of
Hsp90 ATPase, chaperone
NudC NudC CHORD  domain-containing  chaperone;
dynein-associated  nuclear  migration  protein;
plays multiple roles in mitosis and cytokinesis
Table 1.1. HSP90 co-chaperones
The  tretratricopeptide  (TPR)  co-chaperones  recognize  the  C-
terminal  motif  in  HSP90  through  a  highly  conserved  clamp  domain,
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tretratricopeptide  repeat  (TPR).  Structurally,  TPR  motifs  consist  of
degenerated 34-amino acid repeats forming two anti-parallel α-helices
separated by a turn (Pal et al, 2014). In the  other hand, another kind of
co-chaperones  recognizes  HSP90  through  the  NBD or  the  MD,  this
group do not contain the TPRs domains (Vaughan, 2014).
The main goal of this thesis is to study one of the co-chaperone
complex of HSP90, the human R2TP. This complex  was discovered as
complex  required  in  chromatin  remodeling  and  small  nuclear  RNP
maturation  but  other  functions  have  been  described  for  this  co-
chaperon. In this example R2TP interacts with HSP90 through its TPR
domain. 
1.4. The R2TP  complex
i )  The discovery of RTP2: composition and function
The R2TP complex was discovered in Saccharomyces cerevisiae  by Dr.
Wallyd Houry group in  2005  (Zhao  et  al,  2005).  The name of  R2TP
comes from its protein composition: Rvb1p, Rvb2p, Tah1p, and Pih1p.
R2TP have been mostly studied in yeast and human. The mechanisms
of R2TP function are poorly understood. In this work, I focused in the
human system, but I related to yeast complex for comparison. 
R2TP is implicated in the stabilization and assembly of a long set
of  proteins  and  macromolecular  complexes.  These  include  RNA
polymerase  II,  small  nucleolar  ribonucleoproteins  (snoRNPs),  and
phosphatidylinositol-3-kinase-like kinases (PIKKs) such as mTOR and
SMG1(Vaughan,  2014;  Takai  et  al,  2010b;  Hořejší  et  al,  2014).  The
R2TP complex  is  found  in  organisms from yeast  to  humans.  In  our
specie,  human  R2TP  consists  of  the  AAA+  ATPases  RuvBL1  and
RuvBL2, a TPR-containing protein called RNA Polymerase II Associated
Protein  3  (RPAP3),  homologue  to  Tah1  and  PIH1  domain-containing
protein 1 (PIH1D1) also known as NOP17 homologue to Pih1p (Zhao et
al, 2008a; Pal et al, 2014). From this point to the end I will abbreviate to
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the  complex  formed  by  RuvBL1-RuvBL2-RPAP3-PIH1D1  as  “human
R2TP” (hR2TP) by homology to the R2TP described in yeast (Figure
1.4).
Human R2TP is essential for the stability of PIKKs, for example
Horejsi et al. described that TELO2 is phosphorylated by casein kinase
2 (CK2). The PIH1D1 subunit of the R2TP complex binds directly to the
CK2  phosphosite  of  TELO2.  Therefore  the  connexion  between
hR2TP/HSP90  and  PIKKs  is  TELO2,  which  acts  as  scaffold  to
coordinate the activities of R2TP and PIKKs (Hořejší et al, 2010)
Figure  1.4. Primary sequence scheme of R2TP components 
(A) Yeast R2TP, scheme of the primary protein structure of Rvb1, Rvb2, Tah1, Pih1 
(B)  Human  R2TP, scheme  of  the  primary  protein  structure  of  RuvBL1,  RuvBL2,
RPAP3, PIH1D1 and HSP90. 
(C) Model representation of yeast Hsp90-R2TP complex.
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Dr.  Mohinder  Pal  from Prof.  Laurence  Pearl   group  (Brighton,
United Kingdom) describes his efforts to reveal the structural basis of
the assembly of the human and yeast R2TP complex. Crystal structures
of  several  sub-complexes  haver  been  solved,  which,  combined  with
biochemical and biophysical experiments showed the structural basis by
which yeast  R2TP connects Hsp90 to substrates as Tel2, related with
the correct assembly of PIKKs (Figure 1.4) (Pal et al, 2014).
However,  the  discoverer  group  leaded  by Dr.  Walid  A.  Houry
(Toronto,Canada) discussed the role of R2TP in the assembly of box
C/D  snoRNPs,  which  consist  of  a  snoRNA  and  the  four  protein
components Nop1, Nop56, Nop58, and Snu13. His group showed where
R2TP is localized  (Gribun  et al,  2008). It is important to mention that
mostly  these experiments where done in  yeast.  In  growing cells,  the
R2TP complex was found into the nucleus and interacting with box C/D
snoRNPs. In contrast, this interaction is significantly reduced in poorly
growing cells where R2TP is localized in the cytoplasm. Data showed
that  the  hR2TP  complex  regulate  the  box  C/D  snoRNP biogenesis,
affects  their  assembly  and  consequently  pre-rRNAmaturation  in
response to different growth conditions (Paci et al, 2012).
Dr.  Bérengère  Pradet-Balade  from  Montpellier  (France),  has
recently characterized the Drosophila SPAG gene, which is homologous
to  mammalian  RPAP3 and yeast  Tah1 that  are  present  in  the R2TP
complex  (Benbahouche  et  al,  2014),  and  showed  that  RPAP3  in
Drosophila,  is  necessary  for  embryonic  development.  Those proteins
contain the TPR domain which is crucial for the interaction to HSP90
chaperone.  The  biological  roles  ascribed  to  the  hR2TP complex  are
directly associated with its ability to interact with the HSP90 chaperone
system and function as an HSP90 co-chaperone  (Boulon  et al,  2010;
Arias-Palomo  et al, 2011; Takai  et al, 2010b). As we known, in yeast,
recruitment of  R2TP to Hsp90 is mediated by Tah1, the TPR-domain
39
Chapter 1. 
protein  that  simultaneously  binds  the  conserved  C-terminal  MEEVD
motif  of  Hsp90 and a  C-terminal  region  of  Pih1  (Eckert  et  al,  2010)
(Figure  1.4).  In  metazoa,  the  interaction  of  PIH1D1  and  HSP90  is
mediated  by  RPAP3,  a  much  larger  protein  containing  tandem  TPR
domains as well as additional domains of unknown function. 
Whereas the hR2TP complex is implicated in a growing number
of biological processes, it have shown that the hR2TP complex functions
as a snoRNP assembly factor, assembly of RNA polymerase II, PIKKs
signaling pathway, and apoptosis (Kakihara & Houry, 2012). 
Figure  1.5 Structure representation of HSP90-R2TP components
(A) Ribbon representation of the atomic structures for some components of the PIKKs
maturation machinery (i) Full-length yeast Hsp90 (PDB numbered: 2CG9)  (Ali  et al,
2006). (ii) Human RuvBL1 (PDB ID: 2C9O) (Matias et al, 2006). Domains I, II and III
are indicated. (iii)  Yeast Hsp90 peptide (in magenta) bound to Tah1-Pih1 (shown in
blue and red respectively, PDB ID: 4CGU) (Pal et al, 2014). (iv) Mammalian PIH1D1 (in
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red) bound to a TEL2 phosphopeptide (in grey, PDB ID: 4CSE) (Pal et al, 2014).
To conclude, hR2TP assist the assemble of different cellular multi-
protein complexes and it is clearly related to function as a co-chaperone
of the HSP90 chaperone system. The structural and molecular biology
of  this  complex  and  its  interaction  with  HSP90  are  however  poorly
characterized.
ii )  R2TP components: RuvBL1-RuvBL2 AAA+ ATPases
RuvBL1 and RuvBL2 (also known as Rvb1/Rvb2 in yeast, Pontin/Reptin,
TIP49a/TIP49b) are necessary for cell viability and play essential roles
in  various  complexes  involved  in  fundamental  processes  such  as
transcription regulation, DNA damage response and apoptosis (via the
chromatin remodelling complexes SWR1, INO80 and TIP60), maturation
of  small  nuclear  ribonucleoproteins,  cellular  development,  cancer
metastasis and regulation of mitosis.
RuvBL1 and RuvBL2 are  highly  conserved eukaryotic  proteins
that  belong  to  the  AAA+  (ATPases  associated  with  diverse  cellular
activities) family, very similar to each other, they share 65% of sequence
similarity, and they are homologous to prokaryotic RuvB, a protein that
together with RuvA and RuvC provides the energy for the resolution of
Holliday junctions, a DNA intermediate in many DNA repair processes
(Yamada et al, 2002). 
RuvBL1  and  RuvBL2  are  essential  components  of  several
unrelated multi-protein complexes, including the hR2TP. In this thesis I
focused in RuvBL1 and RuvBL2 as components of the hR2TP complex.
But, other complexes such as INO80 and SWR1 contain RuvBL1 and
RuvBL2  as  subunits,  in  that  case  they  play  an  important  role  in
chromatin  remodelling.  Another  big  complex  where  we  find  these
ATPases is together with TIP60, the histone acetyltransferese complex
(Clarke et al, 2017). Both proteins have been implicated in multiple and
essential functions in the cell (Matias et al, 2015), including transcription
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(Yen et al, 2013), DNA repair (Nguyen et al, 2013), nonsense-mediated
mRNA  (Torreira  et  al,  2008)decay  (NMD)  (Melero  et  al,  2014) and
telomerase assembly (Venteicher  et al, 2008; Baek, 2008). In addition,
several studies have described a link between deregulation of RuvBL1
and RuvBL2 and some types of cancer  (Matias  et al,  2015).  Current
models propose that they act as scaffolds for multi-protein interactions
and that their ATPase activity could be important for regulatory steps
performed  during  chromatin  remodelling  and  telomerase  assembly
(Nguyen et al, 2013; Yen et al, 2013).
RuvBL1 and RuvBL2 contain ATP binding and hydrolysis motifs
located within two structurally defined domains. Domain I (DI) contains
the Walker A and B, arginine finger and sensor I motifs, while domain III
(DIII)  contains  the  sensor  II  motif  (Figure  1.4).  Together  these  two
domains represent the AAA+ core and are sufficient to form hexameric
rings (Reference). Domain II (DII) corresponds to an insertion of 160–
170 amino acids in domain DI between the Walker A and B motifs that is
unique to RuvBL1 and RuvBL2 in comparison with other AAA+ family
members (Figure 1.5). DII adopts an oligonucleotide-binding fold (OB-
fold) attached to the core by a flexible linker formed by two antiparallel
β-strands  (Lakomek  et  al,  2015).  It  has  been  proposed  that  DII  is
important  for  DNA/  RNA binding,  regulating  the  helicase activity  and
dodecamer assembly. The structural  plasticity  of  the RuvBL1/RuvBL2
complex appears to correlate with its various activities.
RuvBL1 and RuvBL2 is highly conserved, they share a 30 % of
the sequence with the procariote ATPase  RuvB, this protein together
with RuvA and RuvC solve the DNA structure know as Hollyday juntion,
it is involved DNA recombination (Figure 1.6A). The structure of RuvBL1
and RuvBL2 from human and yeast have been extensively studied by X-
ray crystallography and cryo-EM (Gribun et al, 2008; Ewens et al, 2016;
Gorynia  et al, 2011; Lakomek  et al, 2015; Torreira  et al, 2008; López-
Perrote  et  al,  2012;  Silva-Martin  et  al,  2016).  In  humans  and
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Chaeetomiun thermophilim,  a thermophilic fungus, the most abundant
species when proteins are produced recombinant are RuvBL1-RuvBL2
dodecamers made of  two stacked back-back rings interacting by the
DIIs.  In both species, it has been described that each ring is formed by
a hexameric subunit with alternating RuvBL1 and RuvBL2. The structure
of  C.  thermophilim dodecamers  revealed  an  interesting  feature  that
distinguishes the two subunits,  Rvb1 and Rvb2.  CtRvb2 shows a C-
terminal extension (Arg448-Ser488) that is not conserved in Rvb1 in its
entire length . The C-terminal end of Rvb2 forms an extended α-helical
hook that interacts in the crystals with a groove on the AAA+ core top
surface of another molecule  (Lakomek  et al,  2015) (Figure 1.6).  This
extended  C-terminus  is  conserved  in  human  RuvBL2  although  it  is
shorter.
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Figure  1.6 Structural organization of RuvBL1-RuvBL2 
(A) Representation of the interaction of RuvA and RuvB and the Holliday junction. 
(B)  Two orthogonal  views of  the hexameric  Chaetomium thermophilum RvB1-RvB2
ring (PDB ID: 4WW4) (Lakomek et al, 2015). 
(C)  Two  orthogonal  views  of  the  hexameric  human RuvBL1 ring  (PDB ID:  2C9O)
(Matias et al, 2006). Regions corresponding to domains I, II and III are indicated.
(D)  Two  orthogonal  views  of  the  hexameric  human  RuvBL2  ring  (PDB ID:  3UK6)
(Petukhov et al, 2012). Regions corresponding to domains I, II and III are indicated.
(E) Two orthogonal views of the double-hexameric of human RuvBL1-RuvBL2 (PDB
ID: 2XSZ)  (Gorynia  et al, 2011). Regions corresponding to domains I, II  and III are
indicated.
(F) One view of the cryoEM structure of RuvBL1-RuvBL2 dodecamers in the compact
(EMD-2163) and stretched (EMD-2164) conformations (López-Perrote et al, 2012)
 The different oligomeric states of the Rvb1/Rvb2 complex have
therefore  been  the  subject  of  numerous  structural  studies.  Crystal
structures  of  human  RuvBL1  (Matias  et  al,  2006) and  a  truncated
version  of  RuvBL2  lacking  DII  (Petukhov  et  al,  2012) reveal  similar
homo-hexameric arrangements (Figure 1.6). The DII domain has been
also truncated in the crystal  structure of  the human RuvBL1/RuvBL2
complex (Gorynia et al, 2011). That shows a dodecameric arrangement
of  the  two  heterohexameric  rings  stacked  on  top  of  each  other.
Moreover,  all  negative-stain  and  cryo-electron  microscopy  (EM)
reconstructions show dodecameric complexes with interactions between
the hexameric rings mediated by the DII domains (López-Perrote et al,
2012; Ewens et al, 2016). Conformational flexibility of DII has been also
characterized by molecular dynamics simulations. At the beginning of
my  thesis  I  joined  to  the  structural  studies  of  RuvBL1/RuvBL2
complexes in the Prof. Oscar Llorca's group in Madrid (Spain). Part of
my work was to solve a low resolution EM RuvBL1/RuvBL2 models and
to help in the purification protocols to Dr. Andres Lopez Perrote (López-
Perrote et al, 2012). Finally we showed two conformations of the double-
ring complex that coexist in the preparation (Figure 1.6.D). 
Nevertheless, the way the two rings interact in the dodecamer
and  how  this  results  in  different  conformations  is  still  not  known  in
molecular detail. These conformational changes impact in the exposure
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of  putative  DNA-binding  regions  in  DII  domains  and  may  also  be
influenced by their  context  in  larger  macromolecular  complexes.  It  is
conceivable  that  single  and  double-ring  complexes  might  have  a
functional significance.
The  ATPase  activity  is  enhanced  in  Rvb1/Rvb2  dodecamers
(Gribun  et al, 2008; Jeganathan  et al, 2015), while its helicase activity
seems to increase upon deletion of the DII domains in the dodecamers.
Moreover, nucleosome binding has been shown for homo-hexamers of
Rvb1  and  Rvb2  (Ranjan  et  al,  2013),  and  also  for  Rvb1/Rvb2
dodecamers  in  the  INO80  complex,  but  not  for  isolated  Rvb1/Rvb2
dodecamers.  Although  RuvBL1/RuvBL2  are  involved  in  a  number  of
cellular processes by interacting with different protein complexes, in the
hR2TP  complex,  they  could  act  as  scaffolds  for  the  multi-protein
interactions and their ATPase activity could be important for the snoRNP
biogenesis, PIKK complex assembly and/or RNA polymerase assembly.
After  the  association  of  hR2TP complex  with  its  substrates,  ATPase
activity of RuvBL1/RuvBL2 could promote the assembly/maturation of
the multiprotein complex by their proposed chaperone activity.
iii )  R2TP components: PIH1D1
PIH1 domain-containing protein 1 (PIH1D1) also known as NOP17 or
Pih1/Nop17 in yeast, (Zhao et al, 2008; Paci et al, 2012). This protein is
conserved from yeast to human, in yeast Pih1 is 344 residues length,
consists of an N-terminal PIH domain, also found in the cilia assembly
factor  DNAAF2/KTU,  and  a  C-terminal  CS  domain  (Pal  et  al,  2014)
structurally  related  to  Hsp90  co-chaperones  such  as  p23/Sba1  and
Sgt1. The CS domain of Pih1 binds the extended C-terminal tail of Tah1,
a small  tetratricopeptide (TPR) domain protein that itself  binds to the
conserved  MEEVD  C-terminal  tail  of  Hsp90  (Figura  2.5)  (Pal  et  al,
2014). The region of Pih1 connecting the PIH and CS domains contains
no recognisable structural features, but is required for coupling Pih1 to
Rvb1-Rvb2-Pih1  is  the  multipoint  scaffold  of  the  R2TP  complex,
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coupling  the  Rvb1-Rvb2  hetero-dodecamer,  the  Hsp90  chaperone
machinery (via Tah1 in yeast or RPAP3 in metazoa). Pih1 interaction
with Rvb1-Rvb2 appears to be constitutive and direct  and requires a
central region of Pih1 (Paci et al., 2012). Pih1 was initially isolated as a
Nop58  interacting  protein  in  yeast  (Kakihara  et  al,  2014) and,
subsequently, shown to be part of the R2TP complex and to interact with
Hsp90 (Prieto et al, 2015). Yeast Pih1 interacts with snoRNP/ribosome
biogenesis-related  proteins  such  as  Rrp43,  a  component  of  the
exosome;  Nop58,  a  component  of  box  C/D  snoRNP;  Nop53,  an
essential nucleolar protein; and Cwc24, a RING-finger protein related to
pre-U3 snoRNA splicing. 
Interestingly, Pih1 adaptor function was also identified for other
PIH1  family  proteins,  namely, Ktu/PF13  and  MOT48.  These  proteins
have weak sequence similarity with yeast Pih1 and are involved in the
assembly  of  the  dynein  arms in  flagella/cili.  The above observations
suggest that PIH1 family proteins are generally responsible for the pre-
assembly of  different  subsets  of  axonemal  dyneins.  However, at  this
point there is no indication whether RuvBL1-RuvBL2 or HSP90 also play
a role in dynein related assembly pathways.
The  human Pih1,  known as  PIH1  domain-containing  protein  1
(PIH1D1), it is 290 residues (Figure 1.4), interacts with box C/D snoRNP
factors Nop1/fibrillarin, Nop58, Nop56, TEL2 which is a protein required
for PIKK protein stability, and WDR92/Monad which is a Prefoldin-like
protein  containing  WD40  repeat  (Boulon  et  al,  2010).   It  has  been
described that the N-terminal PIH domain binds proteins containing a
CK2-phosphorylated motif found, this is the case of TEL2. As we know,
this protein is a component of  the TEL2-Tti1-Tti2 (TTT) complex that
interacts with PIKKs such as mTOR, coupling PIKK kinases to hR2TP
and thence to the HSP90 chaperone system (Pal et al, 2014; Vaughan,
2014; Rivera-calzada  et al, 2015). Recent high-resolution studies of a
co-crystal structure of a PIH1D1 and the TEL2 phosphopeptide, as well
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as  several  subcomplexes  of  the  human and  yeast  R2TP complexes
have started to address the structural bases of hR2TP activity.
Some difference in yeast than in metazoa are related to R2TP, for
example, the interaction of PIH1D1 and HSP90 is mediated by RPAP3.
The crystal structures of Hsp90-Tah1-Pih1, HSP90- RPAP3, and Pih1-
Tel2 complexes from Dr. Mohinder Pal (Brighton, United Kingdom) had
together defined key structural links within the R2TP core in yeast and in
animals and reveal how R2TP connects the Hsp90 chaperone system to
the TTT complex involved in PIKK activation  (Pal  et al, 2014) (Figure
1.5).
iv )  R2TP components: the TPR proteins in R2TP
Yeast  protein  Tah1  (111  residues)  has  been  identified  as  Hsp90-
interacting co-chaperone in independent studies  (Eckert  et al,  2010) .
The C-terminal region of Tah1 (residues 75–11) has been shown to bind
to Pih1. The homolog candidate molecules for Tah1 exist in Drosophila
(termed  Spaghetti)  and  human  (termed  as  RPAP3)  as  well
(Benbahouche  et  al,  2014).  Whereas  Tah1  contains  a  single  TPR
domain  (TetratricoPeptide  Repeat)  (Pal  et  al,  2014).  Numerous  TPR
domains have been characterized and structures are available in the
Protein Data Bank. These domains are responsible for protein-protein
interactions. The TPR domains of HSP90 co-chaperones bind to the C-
terminal residues EEVD of the C-terminus of HSP90 as observed for
Tah1  (Zhao  et  al,  2008).  Tah1 is  specific  for  Hsp90 and binds as  a
monomer to the MEEVD motif  of each Hsp90 subunit.  By testing the
effect  of  Tah1  on  Hsp90  activity,  Tah1  was  shown  to  be  an  Hsp90
cofactor. The latter activity coupled to conformational changes in Hsp90
and interactions with co-chaperones facilitates activation of the Hsp90
diverse client proteins (substrates).
RPAP3, was a novel interactor of RNAP II (RNAP II-Associated
Protein 3)  (Jeronimo et al. 2007). In general, proteins that are tightly
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connected  to  RNAPII  were  named  RNAPII-Associated  Proteins
(RPAPs). Although the exact function of these factors remains elusive,
RPAP3, is part of an 11-subunit protein complex akin to that described
by  Gstaiger  and  colleagues.  However  as  part  of  hR2TP,  RPAP3
interacts  with  HSP90  and  PIH1D1  and  directly  binds  to  RuvBL1-
RuvBL2. RPAP3 protein has 2 tetratricopeptide repeat (TPR) domains.
In  addition,  RPAP3  is  a  much  larger  protein  (631  residues)  than  its
homologue of yeast (Tah1).
A  role  for  RPAP3  in  DNA  repair  and  apoptosis  has  been
proposed. In a recent article it was shown that overexpression of RPAP3
sensitizes HEK293 cells to UV-induced cell death and phosphorylation
of histone variant H2AX, a marker of double strand breaks that targets
repair factors to the site of DNA damage. Knockdown of RPAP3 by RNAi
had an altogether opposed effect  on every phenotype studied as did
overexpression  of  the  related  protein  RuvBL2,  suggesting  a possible
inhibitory  function  (Ni  et  al.  2009).  It  has  also  been reported  that  in
Drosophila,  P element  induced insertions  in  the  gene of  the  RPAP3
homolog, Spaghetti,  results in defects in the development of imaginal
discs responsible for wing morphogenesis (Roch et al. 1998).
The structural  and functional  difference between the yeast and
human  TPR  proteins  of  R2TP  from  yeast  to  human  remains  to  be
determined. The structures of the interaction regions of Tah1-Hsp90 and
Tah1-Pih1  have  been  determined  (Figure  2.5),  and  a  model  was
proposed,  according to  which the Tah1 TPR domain adopts a highly
folded structure, whereas the C-terminal region of Tah1 only folds upon
its interaction with Pih 1(Eckert  et al, 2010). Human R2TP is flexible,
and it compartmentalizes the functions of folding PIKKs and RNA Pol II. 
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1.5. Client proteins of the hR2TP-HSP90 system
The diverse cellular roles of the essential molecular chaperone HSP90
include cell  signaling, protein degradation, genome maintenance, and
assembly of transcriptional and translational apparatuses (Li et al, 2012;
Prodromou, 2012). Specificity, the hR2TP co-chaperone that regulates
the ATPase activity of HSP90 and recruit proteins that require HSP90 to
fold.  Together,  these  small  molecular  machines  allow  activation  of
‘‘client’’ proteins.
i )  R2TP in Box C/D snoRNP biogenesis
Box C/D small nucleolar RNAs (snoRNP) complexes are involved
in pre-rRNA cleavage and in 2′-O-methylation of nucleotides at specific
positions  in  rRNAs,  snRNAs,  and  other  RNAs  during  maturation
(reference).  In  yeast,  these complexes  are  formed by  snoRNAs that
contain conserved sequences (boxes C, D, C’ and D’), and four core
proteins, Nop1, Nop56, Nop58 and Snu13. In addition to these proteins,
some other factors may associate with specific snoRNP, such as the U3
snoRNP (Machado-Pinilla et al, 2012; Kakihara et al, 2014; Prieto et al,
2015). snoRNP complexes are conserved from archaea to eukaryotes,
although in the latter they are more complex. The assembly of snoRNP
is  initiated  in  the  nucleoplasm and  completed  in  the  cajal  bodies  in
mammalian  cells,  whereas in  yeast,  the  final  steps of  assembly  and
maturation  of  snoRNPs  are  considered  to  occur  in  the  nucleolus,  a
compartment where the snoRNPs also catalyze the rRNA modifications. 
Although the later steps of assembly are less well defined, it has
been shown that  Nop1 and Nop58 bind the snoRNAs independently,
whereas Nop56 depends on Nop1 for binding the complexes. Due to the
many structural rearrangements that occur during assembly, chaperones
may be important for the maturation of snoRNPs. Pih1, also known as
Nop17,  has  been  shown  to  strongly  interact  with  Nop58  and  is  the
coneion link between R2TP-Hsp90 and later steps of the assembly of
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snoRNPs (Kakihara et al, 2014)(Figure 1.7). 
Figure  1.7 Scheme of the Box C/D snoRNP assembly and PIKKs 
assembly. 
ii )  R2TP in PIKK signalling
Phosphatidylinositol 3-kinase-like kinases (PIKKs) are a family of
large signalling proteins containing a catalytic domain with homology to
the  phosphatidylinositol  (PI)  3-kinase  (PI3K).  In  mammals,  the  PIKK
family of serine/threonine kinases comprises six members that regulate
a variety of cellular processes. ATM (ataxia-telangiectasia mutated), ATR
(ATM and Rad3 related) and DNA-PKcs (DNA-dependent protein kinase
catalytic subunit) participate in signal transduction pathways during DNA
repair  and  genome  maintenance;  mTOR  (mammalian  Target  of
Rapamycin) coordinates cell growth, proliferation and protein synthesis
with the availability of nutrients and signals from growth factors; SMG1
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(human suppressor  of  morphogenesis in  genitalia  1)  controls  a  RNA
surveillance  pathway  known  as  nonsense-mediated  mRNA  decay
(NMD);  and  finally  TRRAP  (transformation/transcription  domain
associated protein), the only catalytically  inactive PIKK member, forms
part  of  several  complexes  with  histone  acetylase  transferase  (HAT)
activity  (Rivera-calzada et al, 2015; Vaughan, 2014; Kakihara & Houry,
2012; Hořejší et al, 2010; Takai et al, 2010a). 
Alterations  in  the  functions  of  several  PIKKs  are  linked  to  a
variety of diseases, reflecting their important role in human health. Some
mutations  in  ATM  and  DNA-PKcs  lead  to  ataxia-telangiectasia  and
severe combined immunodeficiency respectively (reference). These two
proteins,  together  with  ATR,  are  key  factors  in  the  DNA-damage
response, increasing genomic instability when deregulated. As a result
ATM,  ATR  and  DNA-PKcs  are  attractive  targets  for  increasing  the
sensitivity of cancer cells to anti-cancer therapies and to help preventing
or overcoming the development of resistance. In addition, mutations in
SMG1  predispose  to  a  range  of  cancers  and  mTOR  signaling
participates in several aspects of tumorigenesis. 
It is also worth mentioning that the PIKKs involved in DNA repair
seem to  have also  a  general  role  in  stress  response  signaling. The
proper maturation and correct assembly of several, possibly all, PIKKs
requires a cooperation of a sophisticated chaperon machinery, the R2TP
(aim of this thesis). This complex has emerged as an essential factor for
PIKK maturation. Association between PIKKs and the R2TP complex is
mediated by TELO2, a protein that binds PIKKs as part of a larger TTT
(TELO2-Tti1-Tti2)  complex  (reference).  TELO2  is  phosphorylated  by
casein  kinase  2  (CK2)  generating  a  specific  phosphopeptide  that  is
recognized  by  the  R2TP  complex  (Hořejší  et  al,  2010;  Pal  et  al,
2014) (Figure  1.7).  Interestingly,  some  evidence  about  the  role  of
RuvBL1 and RuvBL2 in NMD suggests that they do not only regulate
SMG1  abundance  but  they  also  associate  with  SMG1  and  the
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messenger  ribonucleoproteins  in  the  cytoplasm  to  promote  the
assembly of SMG1-containing complexes that are required as structural
intermediates for an NMD response. It  has not yet been addressed if
RuvBL1 and RuvBL2 perform these novel functions alone or as part of
the R2TP complex. 
iii )  R2TP in RNA polymerase assembly
The hR2TP-HSP90 complex together with Prefoldin-like complex
(PFDN2, PFDN6, UXT, RPB5, WDR92/Monad, PDRG1, and URI) have
been identified as RNA polymerase II (RNAP II) interacting proteins and
have been shown to be involved in RNAP II assembly. Human R2TP is
required for the assembly of the 12 subunits that comprise cytoplasmic
RNA Pol  II  (Kakihara & Houry, 2012;  Hořejší  et  al,  2010).  Assembly
intermediates  have  been  characterized  that  contain  Rbp1  and  Rbp8
subunits of the human RNA polymerase associated with hR2TP. RPAP3
also binds some subunits of the RNA Pol I suggesting that hR2TP may
play  a  more  general  role  in  the  assembly  of  all  RNA polymerases
(Boulon et al, 2010). How RNA Pol II is recruited to R2TP and what is
the  mechanism  by  which  R2TP  contributes  to  assemble  RNA
polymerases is not known yet (Figure 1.8).
iv )  R2TP in telomerase assembly
Telomeres  are  DNA-protein  complexes  that  cap  the  end  of
eukaryotic  chromosomes  and  are  essential  for  cellular  and  genomic
stability. Telomerase is the ribonucleoprotein responsible for maintaining
a suitable  length  of  telomeres over  extensive  number  of  cell-division
cycles.  The  telomerase  holoenzyme  complex  consists  on  a  RNA
component called TERC, the TERT protein responsible of the reverse
transcriptase  activity  of  the  holoenzyme,  and  an  additional  protein
subunit named dyskerin (Gardano et al, 2012; Akiyama & Stone, 2013;
Li et al, 2011; Machado-Pinilla et al, 2012). Alterations and mutations in
telomerase components promote the acquisition of tumoral phenotypes
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and aging-associated diseases, as dyskeratosis congenita  (Vulliamy et
al, 2001). It has been described that RuvBL1 and RuvBL2 are essential
for the assembly of a functional telomerase holoenzyme (Venteicher et
al, 2008; Steczkiewicz  et al, 2011; Jiang  et al, 2013) (Figure 1.8). The
structural  basis  defining  the  assembly  and  maturation  process  of
telomerase has not fully understood. 
Figure  1.8 Scheme of the RNA polymerase II assembly and Telomerase 
assembly. 
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The structural  characterization of  large macromolecular  complexes is
essential to understand its role in the cellular processes. These multi-
protein assemblies frequently have a modular organization, comprising
several functional sub-complexes. The human R2TP (hR2TP) complex
is  a  HSP90  co-chaperone  this  complex  involved  in  the  activation,
maturation  and  assembly  of  several  complexes  such  as
ribonucleoproteins  (RNP),  RNA  polimerase  II  and  PIKKs.  The
mechanism of how those important cellular processes are activated by
the HSP90-R2TP complex are not understood. In this thesis, we have
addressed the biochemical and structural characterization of the hR2TP
complex  to   investigate  the  structural  and  molecular  bases  that
determine its functions.
To reach this aim, we have addressed the following specific objectives:
• To express and to purify the full-length human components of
the  hR2TP  (RuvBL1,  RuvBL2,  RPAP3,  PIH1D1)  and  the
HSP90 chaperone.
• To characterize  the  individual  components  of  the  hR2TP-
HSP90 chaperon complex. 
• To  reconstitute  the  hR2TP  and  finally  the  hR2TP-HSP90
complexes and to solve their three-dimensional structure.
• To determine the molecular and structural mechanisms used
by the hR2TP complex to regulate the biogenesis, maturation
and assembly of large macromolecular machines as HSP90
co-chaperone, and to propose possible models of action.
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• To express and purify  the  HSP90 client  proteins  related  to
hR2TP.  Such  as  fragments  of  telomerose  and  the  PIKK
protein  related  to  non  sense  mediated  mRNA  decay
containing SMG1.
• To understand  the  activation,  maturation  and  assembly  of
those client proteins of HSP90 by the hR2TP
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3.1. Molecular cloning and DNA preparation 
DNA amplification  was  done  in  vivo  in  Escrechia  coli (DH5aplha  or
Top10  strains)  or  in  vitro  using  polymerase  chain  reaction  (PCR)
protocols.  DNA  separation  were  based  on  size  differences  by
electrophoresis.  For  this  proposal  the  DNA  separated  in  horizontal
agarose gels  with  40 mM Tris,  20 mM Acetic  Acid and 1 mM EDTA
buffer, according to their  size,  and stained with SYBR safe DNA Gel
Stain (ThermoFisher) or Gel Red (Biotium). Absorbance at 260 nm was
used to quantified DNA concentration and purity by a NanoDrop 2000.
Calcium  chloride  protocol  was  used  to  obtain  batches  of
competent bacteria that yield high number of transformed colonies/μg of
supercoiled  plasmid  DNA.  Aliquots  of  100  μl  competent  cells  were
stored at -80 ºC.
Gibson  assembly  was  the  protocol  most  frequently  used  for
cloning. But other times, I used a traditional cloning methods, such as
the use of restriction endonucleases to generate DNA fragments with
specific  complementary  end  sequences  that  can  be  joined  together.
Primers design were realized according to the protocol chosen. To check
the DNA sequence, DNA sequencing was done by Secugen S.L. using
the  Sanger  method.  Sequences  were  analyzed  with  FinchTV
programme and the on line tool BLAST (Basic Local Alignment Search
Tool) server (http://ncbi.nlm.nih.gov/BLAST).
3.2. Expression of recombinant proteins in Escherichia coli
Plasmids  contains  the  gene  of  interest  and  usually  a  small  peptide
sequence  (tag)  that  will  use  for  the  purification.  All  plasmids  in  this
section are adapted for E. coli expression. Several strains were tested to
optimize the expression conditions (growth time and temperature) and
ideally to obtain as much soluble protein as it were possible.
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Generally,  cells  were  grown  in  Petri  plates  with  Luria  Bertani
media (LB) with agar  and the proper antibiotic as selection marker. After
20 hours at 37 ºC, colonies were obtained and used to inoculate LB
media with the selection antibiotic. Flask were incubated in a shaker for
20 hours at 37 ºC and 230 rpm. Then, a bigger flask with fresh LB media
was used to left the cells at 0,15 units of absorbance at 660 nm. After
few hours, flasks incubated at  37 ºC and 230 rpm, have a 0,5-0,6 units
of absorbance at 600 nm, at that moment cells are supplemented with
IPTG (Isopropyl β-D-1-thiogalactopyranoside). Cells induced, expressed
the protein for a specific time (between 3 hours to 20 hours).
Antibiotic Final Concentration Solvent
Ampicillin 100 ug/ul Water
Kanamycin 30 ug/ul Water
Streptomycin 50 ug/ul Water
Chloramphenicol 35 ug/ul Ethanol
Table 3.1: Solutions an concentrations of the antibiotics used in E.coli cultures
Then,  cells  were  harvest  after  few  hours  of  induction,  cells
cultures were centrifuged  at 7000 rpm, 10 minutes at 4 ºC. Media was
discarded and cells were suspended in lysis buffer supplemented with
proteases  inhibitors  (Complete  EDTA-free  Protease  inhibitor  cocktail
tablets, Roche), frozen in dry ice and stored at -80 ºC.
3.3. Expression of recombinant SMGs proteins in Insect cells
In  this  thesis,  all  of  the  Baculovirus  system  experiments  that  I
thermoformed,  were  realized  in  the  University  of  Sussex  (United
Kingdom)  as  part  of  a  three months  visit  with  a  travel  grant  for  my
training. The laboratory of Prof. Laurence Pearl at the Genome Damage
and Stability Centre has set up several years protocols for Baculovirus
recombinant expression. 
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A commercial pFAST-BAC plasmid containing different genes of
interest,  (SMG1,  SMG8  and  SMG9),  were  transformed  in  DH10Bac
Escherichia coli cells. This strain contains the bacmid with a mini-att Tn7
target site and the helper plasmid. The mini-Tn7 element on the pFAST-
BAC plasmid can transpose to the mini-att Tn7target site on the bacmid
in the presence of transposition proteins provided by the helper plasmid.
Colonies  with  the  recombinant  bacmids  are  identified  by  antibiotic
selection  and  blue/white  screening,  since  the  transposition  results  in
disruption of the lacZα gene.
Positive colonies containing the gene of interest, were selected
and high molecular weight mini-prep DNA is prepared from selected E.
coli clones containing the recombinant bacmid. This DNA was then used
to transfect Sf9 cells from Spodoptera frugiperda.
3.4. Biochemical analysis of proteins
Polyacrylamide  gel  electrophoresis  (PAGE),  was  the  technique  most
frequently used to separate proteins, according to their electrophoretic
mobility. Mobility is a function of the length, conformation and charge of
the  molecule.  For  denature  conditions  sodium dodecyl  sulfate  (SDS)
was  added  to  remove  this  structure  and  turn  the  molecule  into  an
unstructured linear chain and to impart a negative charge to linearized
proteins whose mobility depends only on its length and mass-to-charge
ratio. This procedure is called SDS-PAGE.  Proteins were stained with
blue coomassie, silver stain, zinc, or commercial solutions (SimplyBlue
SafeStain (Invitrogen), Oriole Fluorescent Gel Stain (BioRad)).
For  native  conditions,  commercial  Blue-Natives  PAGE
(Invitrogen) were run. In this case a Bis-Tris buffer conditions are used
to separate proteins preserving their native state. NativePAGE 4–16%
Bis-Tris Gels 1,0 mm (Novex) run to separate proteins. In this procedure
Coomassie covers proteins and gives a negative charge, similar to all
them, this allow to separate proteins only  according to their size and
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preserve their native state.
Western blot  was used to  detect  specific  proteins in  a sample
purification  or  extract.  Proteins  separated  by  SDS-PAGE  were  then
transferred to a PVDF membrane. Membranes are incubate 30 minutes
in blocking solution (PBS 1X, 3% (p/v) BSA) to prevent the interactions
between the membrane and the antibody used for detection of the target
protein. The specific antibody binding was detected with Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare),  following
protocol  instructions.  Finally,  detection  was  achieved  by  Fujifilm
Fluoresent Image analyzer FLA-3000 o auto-radiography.
Protein concentration was obtained by measure of absorbance at
280  nm  with  a  NanoDrop  2000.  Analytical  size  exclusion
chromatography (SEC) was used to the protein characterization  of His-
RuvBL1-RuvBL2,  His-RPAP3-PIH1D1,  HSP90,  DYSKERIN and TERT
fragments.  The  columns  used  were  Superdex  200  PC  3.2/30  and
Superose  6  PC  3.2/30  (GE  Healthcare).Experiments  were  done
following protocol  instructions  of  flow, buffer  composition  and sample
volume injection.
3.5. Proteins purification
His-RuvBL1 and RuvBL2 were co-expressed in Escherichia coli BL21 in
1 liter flasks during 4 hours at 28 ºC, 0.1 mM IPTG and 230 rpm. The
cells were resuspended in Lysis Buffer (50 mM Tris, 500 mM NaCl, 10%
(v/v) glicerol, 20 mM imidazol, 1 mM DTT and the proteases inhibitors. A
ratio of 10 mL of lysis buffer per 1 liter of cell culture was used. The cell
suspension was sonicated in Branson Sonifier 450 Cell Disruptor during
5 minutes with cycles of 15 s at 20 % of power, 15 s in ice. The lysis
product was centrifugated (37,000 rpm, 45 minutes at 4 ºC)  in a  Type
60 Ti Fixed Angle Rotor. Supernatant was filtered using a 2 um filter
(Minisart,  Sartorious Stedim Biotech) previous to loaded into a Nickel
column equilibrated in Buffer A  (50 mM Tris, 300 mM NaCl, 10% (v/v)
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glicerol, 20 mM imidazol, 1 mM DTT). Elution of the protein was done in
a 20 ml gradient from Buffer A to 100 % of Buffer B (50 mM Tris, 300
mM NaCl, 10% (v/v) glicerol, 500 mM imidazol, 1 mM DTT).
The largest peak was dialyzed in 50 mM Tris, 300 mM NaCl and 1
mM DTT at 4 ºC for 20 hours using a Slide-A-Lyzer Dialysis Cassettes,
3,5 MWCO, Thermo Fisher. Product was applied to a preparative size-
exclusion chromatography (SEC) using a Sephacril  S300 column (GE
Healthcare) equilibrated in 50 mM Tris, 300 mM NaCl and 1 mM DTT.
The  purification  was  monitored  by  sodium  dodecyl  sulphate-
polyacrylamide gel electrophoresis (SDS–PAGE). Proteins concentration
was  perform  with  Amicon  Ultra  Centrifugal  Foilters  Ultracel  –  3000
MWCO, Milpore.
Others proteins used in this work were purified by Dr. Mohinder
Pal  from University of  Sussex (United Kingdon).  Such as His-RPAP3
and His-PIH1D1, Strep-HSP90, GST-RPAP3 and His-PIH1D1 and the
C-term-RPAP3 (fragment from 420 to 665) . All  of them expressed in
BL21 E. coli.
3.6. Dynamic Light scattering
Dynamic  Light  Scattering  (DLS,  also  known  as  Photon  Correlation
Spectroscopy or  Quasi-Elastic Light Scattering) is one of the most
popular light scattering techniques because it allows particle sizing down
to  1  nm  diameter.  The  basic  principle  is  simple:  The  sample  is
illuminated by a laser beam and the fluctuations of the scattered light
are detected at a known scattering angle θ by a fast photon detector.
The instrument used in this work is called DynaPro MS/X model, Wyatt
Inc. and is part of the Analytical Ultracentrifugation and Light Scattering
Facility of CIB. RPAP3-PIH1D1 at 10 uM was analyzed to get the degree
of  homogeneity,  to  measure  the  translational  diffusion  coefficient  of
macromolecules and to calculate their hydrodynamic radius. 
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3.7. Sedimentation velocity assay of RPAP3-PIH1D1 complex
RPAP3-PIH1D1 at 10 uM and 5 µM in 25 mM Hepes, 130 mM NaCl, 0.1
mM  TCEP,  pH  7.8,  were  loaded  (400  uL)  into  analytical
ultracentrifugation  cells.  The  experiments  were  carried  out  at  43,000
rpm, 10ºC in an XL-I analytical  ultracentrifuge (Beckman-Coulter Inc.)
equipped with UV-VIS absorbance and Raleigh interference detection
systems.  Sedimentation  profiles  were  recorded  at  280  nm.
Sedimentation coefficient distributions were calculated by least-squares
boundary modelling of sedimentation velocity data using the continuous
distribution c(s) Lamm equation model as implemented by SEDFIT 14.1
(Lebowitz et al, 2002). Experimental values were corrected to standard
conditions  (water,  20ºC,  and  infinite  dilution)  using  the  program
SEDNTERP  to  get  the  corresponding  standard  s  values
(s20,w ).Sedimentation experiments were performed with the help and
supervision of the Analytical Centrifugation facility at the CIB, and Dr.
Juan Ramon Luque.
3.8. Sedimentation equilibrium assay of RPAP3-PIH1D1 complex
Using the same experimental conditions as in the SV experiments, short
columns (90 µL) SE experiments were carried out at  speeds ranging
from 7,500 to 9,000 rpm and at 286 nm. After the last equilibrium scan, a
high-speed centrifugation run (48,000 rpm) was done to estimate the
corresponding  baseline  offsets.  Weight-average  buoyant  molecular
weights of protein were determined by fitting a single species model to
the experimental data using the HeteroAnalysis program, and corrected
for solvent composition and temperature with the program SEDNTERP
(Lebowitz et al, 2002).
3.9. In vitro protein-binding experiments 
Pull-down  assay  was  done  as  in  vitro  method  used  to  determine  a
physical  interaction  between the  HSP90-R2TP complex  and possible
client  proteins.  Pull-down  assays  are  useful  for  both  confirming  the
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existence of  a  protein-protein  interaction  predicted  by  other  research
techniques and as an initial screening assay for identifying previously
unknown protein-protein interactions. In this case beads.
3.10. Human R2TP reconstitution and purification using GraFix
RuvBL1-RuvBL2 was mixed with an excess of RPAP3-PIH1D1. 0.45 µM
RuvBL1-RuvBL2 (estimated as dodecamers) was incubated with 9 µM
of RPAP3-PIH1D1 complex. The mixture was purified by gradient and
fixation with glutaraldehyde following the GraFix method  (Stark, 2010;
Kastner et al, 2008) using a 10-40 % sucrose gradient and a 0-0.15% of
glutaraldehyde gradient. The 4 ml gradient was prepare in a Ultra-Clear
Centrifuge Tubes (11 x 60 mm) (BECKMAN COULTER). 50 µl of the
mixture were loaded on the top of the solution and run at 35000 rpm, 16
hours and 4ºC in a SW 60 Ti Rotor. Fractions of 100 µl were collected,
the fixation reaction was stopped by adding glycine at final concentration
of 100 mM. The fractions were analyzed with the Blue-Native system
(Invitrogen). Controls were performed using similar conditions.
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Figure  3.1 GraFix method representation and cross-linking reaction. 
(A) Protein complex is stabilized in Sucrose/Glutarldehyde gradient by centrifugation.
Reaction is stopped by 100 mM Glycine addition. 
(B)  Cross-linking  reaction,  glutarledehyde  in  red  has  two  aldehydes  groups,  those
groups react with side chains of amino groups on aminoacids.
3.11. Cross-linking coupled to mass spectrometry
Those  experiments  were  done  by  the  facility  of  Biological  Mass
Spectrometry  and  Proteomics  by  a  collaboration  with  Dr.  Gianlucca
Degliesposti at the MRC Laboratory of Molecular Biology. Purified R2TP
complex  at  a  concentration  of  4  mg  ml−1  was  cross-linked  with
isotopically-coded N-hydroxysuccinimide (NHS) esters disuccidinimidyl
suberate  (DSS  H12/D12)  and  bis-sulfosuccidinimidyl  suberate  (BS3
H12/D12) (Creative Molecules, Canada). The reactions was quenched
by adding NH4HCO3 to a final concentration of 50 mM incubating for 
further 15 min. Proteins were digested with trypsin (Promega, UK) at an 
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enzyme-to-substrate  ratio  of  1:20,  overnight  at  37  °C.  The  peptides
fractionated were separated by peptide size exclusion chromatography,
using a Superdex Peptide 3.2/300 column (GE Healthcare).
The fractions were analyzed by nano-scale capillary LC–MS/MS
using an Ultimate  U3000 HPLC (ThermoScientific  Dionex,  USA).  For
data analysis,  searches were performed against  an ad hoc database
containing the RuvBL1, RuvBL2, PIH1D1 and RPAP3 sequences plus
their  reverse  as  decoy.  Finally  each  MS/MS  spectra  was  manually
inspected and validated.
3.12. Negative staining electron microscopy 
A few  micro-liters  of  freshly  purified  complexes  (0.01  mg/  ml)  were
deposited  on  carbon-coated  400  mesh  grids  (Electron  Microscopy
Sciences CF400-Cu) and were stained using 2% (w/v) uranyl formate.
Micrographs were recorded using a JEOL 1230 transmission electron
microscope operated at 100 kV and a 4 k x 4 k TVIPS CMOS detector
using  the  EM-TOOLS software  (TVIPS)  (CIB,  Madrid).  Images  were
collected at  a final  magnification of 68,222 x,  and these were down-
sampled to a final 4.56A˚ per pixel.
3.13. Cryo-electron microscopy
For the complexes purified by GraFix, cryo-grids were flash frozen in
liquid ethane using a GATAN Plunger II or FEI Vitrobot Mark IV. R2TP
stabilized was applied to  thin-carbon coated grids (Quantifoil R1.2/ 1.3,
300  mesh).  Grids  were  observed  in  a  JEM-2200FS/CR  (JEOL),
equipped  with  an  ULTRASCAN 4000  SP (4008×4008  pixels)  cooled
slow-scan CCD camera (GATAN) (BioGune, Bilbao). Also same sample
was observed in Titan Krios (IGBMC, Strasburg) using Falcon II (FEI)
detector and Cs corrector, data was collected automatically with  EPU
software (FEI).
Experiments with GST_RPAP3-PIH1D1 and His_RuvBL1-RuvBL2
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and  data  on  His_RuvBL1-RuvBL2  with  the  C  terminal  fragment  of
RPAP3 (420 to 665) were perform with a 200 kV TALOS Arctica (FEI)
equipped with an autoloader and with a Falcon II direct electron detector
(FEI) (CNB, Madrid).
To image R2TP at high resolution, all  components were mixed
with a similar ratio to that used in GraFix and incubated one hour in a
final concentration of 0.5 mM of ADP, without cross-link. Subsequently,
aliquots of 3 ul were applied to previously glow-discharged carbon grids
(Quantifoil R1.2/ 1.3, 300 mesh or R2/2, 300 mesh). An initial data set
was obtained using a FEI Polara microscope operated at 300 kV (IBS,
Grenoble).  Data was collected manually  using the Digital  Micrograph
software (GATAN). A Gatan K2-Summit detector was used in counting
mode at a calibrated magnification of 31,000X (yielding a pixel size of
1.21  Å/pix),  and  a  total  dose  of  ~40  electrons/Å2.  Exposures  of  5
seconds were dose-fractionated into 40 movie frames. Defocus values
in  the  R2TP  data  set  ranged  from  1.4–3.0  um.  Highest  resolution
structures  were  obtained  from data  collected  in  a  Titan  Krios  (eBIC,
Diamond,  Oxford)  using  automatic  data  acquisition  and a  Gatan K2-
Summit detector in counting mode and using a slit width of 20 eV on a
GIF-Quantum energy filter.
3.14. Computing and images processing
Most of the data was processed in a FUJITSU CELSIUS R920
Workstation  equipped  with  2  x  Xeon  E5-2670  2.6GHz  20MB  Turbo
Boost, 96 GB (6x16GB) DDR3-1600 rg ECC , NVIDIA Quadro 600 1GB ,
2 x GEFORCE GTX 1070, DVD SuperMulti  SATA , Rails for 2x HDD
3.5", 4 HDD SATAIII 1000GB 7.2k BC , RAID Ctrl SAS 6G 0/1 (D2607),
Operating System Ubuntu 14.04 LTS. The programs used in this thesis
are free and open-source packages, installed in Linux environment.
In addition, at the same time larger data sets were processed in
Amazon Web Services (AWS). Cloud computing is a powerful tool and
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we have taken advantage of  the ease with  which  larger  numbers of
CPUs can be accessed on AWS to compile an off-the-shelf  software
environment preconfigured with STARcluster and the following cryo-EM
software packages. 
3.15. Image processing
i )  Negative staining processing
Micrographs   from  CCD  camera  were  processed  with  the  following
protocol. The contrast transfer function (CTF) for each micrograph was
estimated  using  CTFFIND3,  and  correction  was  performed  using
BSOFT. Ten thousand particles were extracted from the micrographs.
Particles were classified and averaged in 2D using the e2refine2d.py
command in EMAN2 or 2D tools of Xmipp or Scipion, cross-correlation
algorithms were used for this kind of images (Scheres et al, 2008; Tang
et al, 2007). Templates for starting angular refinement were obtained by
applying the startcsym tool in EMAN to side and top view averages. The
resolution of the 3D models was estimated using a cut-off value of 0.5 of
Fourier shell correlation (FSC).
ii )  Cloud computing
The new generation of Direct Electron Detector (DEDs) produces
large data sets,  up to few Terabytes per session. External  Hard disk
drive  of  4-5  Tb  from  WD  Elements   were  used  for  storage  files.
MotionCorr2  (Zheng  et  al,  2016;  Li  et  al,  2013) or  Unblur  (Grant  &
Grigorieff, 2015) were used for whole-frame motion correction, then a
sum of the frames movie alignment is obtained per movie. CTFFIND4
(Rohou  &  Grigorieff,  2015) were  used  for  estimation  of  the  contrast
transfer function parameters. In some cases GCTF was used for local
image  CTF  estimation.  RELION-1.4  and  RELION-2.0   (Scheres,
2012) for all reconstructions subsequent steps. References for template-
based particle picking were obtained from 2D class averages that were
calculated from a manually picked subset of micrographs. The selected
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particles were then submitted to several rounds of 2D, to discard low
quality  particles.  A 3D  initial  model  was  generated  using  the  EMAN
startcsym.
Figure  3.2 Diagram of image processing. 
One first runs a 3D auto-refinement of the selected particles are
then used for movie processing. Following beam-induced movements by
aligning  particles  in  running  averages  of  a  few  movie  frames  may
become  very  noisy.  To make  this  procedure  more  robust,  particle-
polishing procedure was run in RELION-1.4  (Scheres, 2012) (Scheres
et al, 2014). The translations from the movie refinement are used to fit
straight tracks that describe the beam-induced motion for each particle.
In those previous steps were applied C3 symmetry. Different rounds of
3D  classifications  were  done  also  to  discard  heterogeneity.  All  3D
classifications  and  refinements  were  started  from  low-pass  filtered
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version of previous structure.
Resolution was estimated using Fourier Shell  Coefficient (FSC)
and  reported  resolutions  are  based  on  gold-standard  refinement
procedures and the corresponding FSC=0.1234. Volumes were filtered
to the average resolution provided by RELION (Scheres, 2012), unless
indicated.  B  factor  sharpening  was  performed  using  automatic
procedures  in  RELION-2  (Gpu-code,  2016;  Scheres,  2012).  Local
resolution  was  estimated  using  ResMap  (Kucukelbir  et  al,  2013).
Structures were visualized using UCSF Chimera (Pettersen et al, 2004).
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Chapter 4.  RESULTS
4.1. Analysis and purification of R2TP components
The four human R2TP components were recombinant obtained. RuvBL1
and RuvBL2 were co-expressed in  Escrerichia coli.  In  a different co-
expression, RPAP3 and PIH1D1 were assembled separately in similar
expressions  conditions.  Both  stable  complexes  were  independently
analyzed and biochemical characterized.
i )  Human RuvBL1–RuvBL2 sample preparation
At the beginning of my thesis when I joined the laboratory, Dr. Andres
Lopez-Perrote provided the human RuvBL1 and RuvBL2 plasmids, that I
used as starting point for subsequent studies. I cloned those DNAs in
different  vectors  and  constructions  are  shown  in  Table  4.1.  In  this
section  I  will  describe  the  results  obtained  for  the  final  purification
protocol  of  RuvBL1-RuvBL2,  defined  after  several  trials  preparations
and purifications. Finally, a protocol to obtain His-RuvBL1-RuvBL2 was
established. 
Plasmids for human His-tagged RuvBL1 and untagged RuvBL2
were  transformed  and  co-expressed  in  E.  coli BL21  (DE3).  Cellular
expression  promoted  RuvBL1-RuvBL2  assembly  in  vivo.  The  over-
expression  is  appreciable  in  the  soluble  fraction  after  sonication  and
centrifugation the cells (Figure 4.1A lane 1). In the first purification step,
the soluble fraction product was bound to a nickel-immobilized column.
His-RuvBL1  bound to the matrix and wash buffer removed the excess
of unspecific proteins. It was eluted  in a 20 mM to 500 mM imidazol
gradient (Figure 4.1A lanes 3-14). The largest peak was analyzed by
sodium  dodecyl  sulphate-polyacrylamide  gel  electrophoresis  (SDS–
PAGE)  and stained with  coomassie (Figure  4.1A).  This  showed His-
RuvBL1-RuvBL2  complex  in  a  1:1  molar  ratio.  For  this  reason  we
assume that the interaction between RuvBL1 and RuvBL2 is equimolar.
This peak was concentrated to 500 μl with an Amicon 30 kDa cut-off,
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then the sample was dialyzed over night and loaded in a  preparative
Sephacril S-300 column. Column was equilibrated in 50 mM Tris pH 7.4,
200 mM NaCl and 1 mM DTT. In this purification step, the size exclusion
chromatography (SEC) profile, covering the calibrated range, revealed
only  one  peak.  Fractions  F45-65  (corresponding  to  the  peak)  were
mixed  all  together  and  concentrated.  Final  yield  of  the  protein  was
quantified in NanoDrop 2000 (Thermo Scientific), to a final volume of 1.5
ml  at  18.735  mg/ml  of  His-RuvBL1-RuvBL2.   Aliquots  of  10  ul  were
stored at -80ºC (Figure 4.1B).
Plasmid Gene of interest Tag Cleavage site Tag position
pCDFDuet RuvBL1 (MCS1)
RuvBL2 (MCS2)
Strep-tag-ii 
No-tag
TEV
No cleavage
N-term
Nothing
pETEV15-b RuvBL1 His tag TEV N-term
pETEV15-b RuvBL1 Strep tag TEV N-term
pCDFDuet RuvBL2 (MCS2) No-tag No cleavage No cleavage
pCDFDuet RuvBL2 (MCS2) Strep tag No cleavage C-term
Table 4.1 Constructs used for recombinant RuvBL1 and RuvBL2 expression 
ii )  Biochemical  characterization  of  the  RuvBL1-RuvBL2
complex
RuvBL1-RuvBL2 preparation was analyzed in Nanodrop  2000 (Thermo
Scientific)  and 260/280 ratio reveled a value of 0.94,  suggesting that
sample correspond to 95 % protein and the 5 % to nucleotide bounded
(Figure 4.1B). Also, RuvBL1-RuvBL2 sample was biochemical checked
by  analytical gel filtration in Superdex 200 or Superose 6 and the size
exclusion chromatography (SEC) profiles showed one peak in the region
calibrated  as  approximately  660  kDa.  This  molecular  weight  corres-
ponded with 12 subunits of RuvBL, probably 6 RuvBL1 and 6 RuvBL2
(Figure  4.1C).  We  have  seen  that  sample  dilution  affects  to  the
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oligomeric  state,  data  not  shown.  Hexamers and monomers  appears
when dilution below micro molar concentration.
The complex was analyzed in a 4 ml sucrose solution gradient
(10-40 %) and cross-linked with glutaraldehyde (GA) (0-0.15 %) (GraFix
method) (Stark, 2010)  (Figure 4.1D). Fractions of 100 μl were manually
collected  and  the  fixation  reaction  stopped  adding  glycine  to  a  final
concentration of 100 mM. The gradient was monitored by Blue-Native
gel electrophoresis, several fractions were loaded and RuvBL1-RuvBL2
migrated between fractions 21-25.
Figure  4.1 Purification and biochemical characterization of the RuvBL1-
RuvBL2 complex.
(A) SDS-PAGE and blue-coomassie stain of the purification step by affinity column.
Lane  1,  correspond  to  the  fraction  of  soluble  protein  after  cell  sonication  and
centrifugation; lane 2, flow-trough of affinity column after load the soluble fraction. Mw,
molecular weight markers (Bio-Rad); lane 3 -14, elution fractions of the affinity column.
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(B)  SDS-PAGE and  blue-coomassie  stain  of  the  final  product  after  size  exclusion
chromatography. Parameters obtained in wavelength scan in  NanoDrop 2000 (Thermo
Scientific). 
(C)  Analytical  size exclusion chromatography of  the protein  His-RuvBL1-RuvBL2 in
Superdex 200 PC 3.2/30. Fractions of the peak and molecular weight markers volumes
are shown in the plot.
(D) Blue-Native gels 4-12 % of His-RuvBL1-RuvBL2 GraFix experiment. Mw molecular
weight markers of NativeMark (life-technologies). Lane 1-9, fractions 16, 18, 20, 22,
24, 26, 28, 30 and 32 of the GraFix.
iii )  Electron microscopy of the RuvBL1-RuvBL2 complex
In  addition,  we  wanted  to  characterize  the  His-RuvBL1-RuvBL2
structurally. For this purpose, the sample was observed in in a JEOL
transmission electron microscope JEM-1230 operated at 100 kV after
negative staining. 300 micrographs were taken at 2.84 Å/pix and around
12,500 particles were extracted (Figure 4.2A). Following steps were the
analysis  the  images  with  different  EM  softwares:  EMAN,  EMAN2,
Xmipp, Scipion  (Tang  et al,  2007; Scheres  et al,  2008). Images were
classified and averaged using reference-free methods. Top views were
abundant  (40%)  and  displayed  a  clear  ring  shape  as  described
previously for RuvBL1-RuvBL2 (Figure 4.2B). We also found rectangular
views containing two intense bands of density at each end and a region
of  lower  density  at  the  center. Based on the  existing  information  for
RuvBL1-RuvBL2 complexes and the EM analysis of other ring-shaped
complexes, these views were interpreted as side views of a double-ring
oligomer. Intense bands at each end of the molecule could be assigned
to the core ring of AAA+ ATPases, whereas the fainter densities at the
centre corresponded to the DII domains (Figure 4.2C). These results are
compatible that the one showed in 2012 by Dr. Lopez-perrote  (López-
Perrote  et  al,  2012).  We  could  observe  that  our  RuvBL1-RuvBL2
preparation  was  mostly  formed  by  double-ring  complexes.  They  are
susceptible to disassembling at lower concentrations, as observed by
analytical SEC and also by negative staining electron microscopy. 
Interestingly, we found two types of side views with either a short
(37% of the images) or a long distance (23% of the images) between the
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putative AAA+ core rings,  which we named ‘compact’  and ‘stretched’
conformations, respectively (Figure 4.2B). Whilst we did not detect side
views for hexamers, top views for hexamers and dodecamers cannot be
discriminated. Thus, ring-shaped top views are likely enriched in single-
ring  complexes.  The  images  of  the  stretched  and  compact
conformations  were  used  to  obtain  a  preliminary  low-resolution  3D
structure. These corroborated the two conformations found for RuvBL1-
RuvBL2 (Figure 4.2C).
Figure  4.2 Negative staining electron microscopy of RuvBL1-RuvBL2 
complex.
(A) Electron microscopy field of His-RuvBL1-RuvBL2 preparation obtained by negative
stained. 
(B)   Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging. Scale bar, 10 nm. 
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(C) Negatively stained structure of the two coexisting conformation. Two representative
views of yhe angula refinement are shown. Scale bar, 10  Å.
Subsequently, we decided to prepare cryo-EM grids to observe
the RuvBL1-RuvBL2 sample. 3 μl of RuvBL1-RuvBL2 at 0.3 μM were
applied  to  previously  glow-discharged  Quatifoild  R1.2/1.3,  300  mesh
grids. They were flash frozen with FEI Vitrobot Mark IV. Until this point,
previous cryo-EM experiments in Prof.  Oscar Llorca laboratory  were
done  with  the  old  generation  of  CCD  cameras  (2012),  then  direct
electron  detection (DED) came out. Recently,  I collected manually a
small  data  set  in  a  Polara  operated  at  300kV  with  Direct  Detector
GATAN  K2.  700  movies  frames  were  obtained  in  counting  mode,
yielding a magnification of 1.211 A/pix and a total dose of 35-40 e-/Å2 in
5 seconds exposure (Figure 4.3A). Movies were aligned using Unblur
(Grant & Grigorieff, 2015)and no dose filter was applied. CTF estimation
was perform with ctffinf4  (Rohou & Grigorieff,  2015) and a maximum
resolution of 3.6 Å was estimated by the program (Figure 4.3B). Using
RELION-2.0  (Scheres, 2012),  2D references free image classification
suggested a most populated set of  top views classes. However, side
views showed a small  set of single-ring and a most populated set of
double-rings views with a mixture of  conformations. This data confirms
others and ours previous descriptions of RuvBL1-RuvBL2. We should to
collect a larger data set to deal with the conformational heterogeneity
before moving to a 3D analysis.
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Figure  4.3 Cryo electron microscopy of RuvBL1-RuvBL2 complex.
(A) Electron microscopy field of His-RuvBL1-RuvBL2 preparation obtained by cryo-EM
with Polara 300 kV microscope and direct detection. Bar scale 50 nm.
(B) Fast Fourier transform (FFT) of an cryo-EM image collected  of  hR2TP complex
with a CCD. Red line shows the maximum resolution values estimated by ctffind4. 
(C)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging. Scale bar, 10 nm. Different coexisting conformations. 
iv )  Human RPAP3-PIH1D1 assembly and characterization
Human RPAP3-PIH1D1 was obtained through a collaboration with Prof.
Laurence Pearl laboratory from University of Sussex, United Kingdom
(UK). Dr Mohinder Pal co-expressed in  E. coli and purified the recom-
binant human RPAP3-PIH1D1. Recombinant PIH1D1 was unstable in
our hands and only it was co-expressed together with RPAP3, indicating
both proteins are active partners. I evaluated the purity by SDS–PAGE
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and the concentration of RPAP3-PIH1D1 preparation (Figure 4.4A). A
concentration of 9 mg/ml was estimated by the absorbance at 280 nm in
a NanoDrop 2000 (Thermo Scientific). Aliquots of 10 µl were stored at
-80ºC.  Proteins resist well for thawing.  Other proteins preparation of
RPAP3-PIH1D1  were  also  obtained  through  the  collaboration  with
Pearl's  group.  For  example,  to  map the N-terminus of  RPAP3,  GST-
tagged  in  the  N-terminus  of  RPAP3  co-expressed  with  PIH1D1  was
obtained from our collaborators. In this case, protein preparation was
estimated in 2 mg/ml. Last but not the least a small fragment of RPAP3
with residues from 430-665 (named as RPAP3430-665) defined by pull-
down experiments as  the smallest region that interact with RuvBL1-
RuvBL2. A concentration of RPAP3-C-term  was estimated in 22 mg/ml.
RPAP3-PIH1D1  were  characterized  by  a  gradient  and  fixation
experiment (GraFix method)  (Stark, 2010; Kastner  et al,  2008) run in
same  conditions  as   for  the  RuvBL1-RuvBL2  described  previously
(Figure  4.1B).  SDS–PAGE  and   Blue  Native  of  gradients  fractions
showed RPAP3-PIH1D1 most of the migration in fractions 9-10 (Lane 3-
4) that correspond with a molecular weight of 100 kDa (Figure 4B). It is
well separated in compare with fraction of RuvBL1-RuvBL2 GraFix (F23-
25) (Figure 4.4B). But there are small amounts of proteins in fractions
12-14 (lane 5-6) that correspond with a molecular weight of 250 kDa.
The mobility and mass were unexpected, since RPAP3-PIH1D1 did not
correspond to a hetero-monomer complex, suggesting the assembly of
oligomeric  species.  To corroborate  our  observations,   analytical  size
exclusion chromatography (SEC) in Superdex 200 and Superose 6 were
done. SEC profiles showed one peak with an unexpected mobility  in
comparison  with  molecular  weight  markers.  RPAP3-PIH1D1  eluated
earlier than expected, the elution volume was different to 1:1 complex
(~104 kDa) (Figure 4.4B).
Given the uncertainly of the prevous experiments, we wanted to
obtain  a proper  estimation  of  the  molecular  weight  and to  discard  a
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possible oligomerization state of RPAP3-PIH1D1. For this reason 1 µM
and 0.5 µM of RPAP3-PIH1D1 was analyzed in a sedimentation velocity
experiment. The  experiment  showed a 94 % of the RPAP3-PIH1D1
behaved as one species with an experimental sedimentation coefficient
of 3.1 S. Dynamic light sctaerring RPAP3-PIH1D1 showed a friction ratio
(f/f)0   of  1.8,  this  number  suggested  a  elongated  molecule.  The
experimental  sedimentation  coefficient  value,  corrected  to  standard
conditions (s20,w = 4.3 S), was compatible with an elongated (f/f0 = 1.8)
heterodimer (1:1 RPAP3:PIH1D1) (Figure 4.4D). To confirm this result,
sedimentation  equilibrium  assays  were  carried  out  under  the  same
experimental  conditions.  The  calculated  average  molecular  mass
obtained was 103,900 ± 320 Da, which agrees with the molecular mass
of the RPAP3:PIH1D1 heterodimer (104,212 Da) (Figure 4.4E).
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Figure  4.4 Biochemical characterization of the RPAP3-PIH1D1 complex.
(A) SDS-PAGE and blue-coomassie stain of the final purification of RPAP3-PIH1D1;
Mw, molecular weight markers are represented (Bio-Rad). 
(B)  SDS-PAGE and blue-coomassie  of  RPAP3-PIH1D1  of  GraFix  experiment.  Mw,
molecular  weight  markers  of  NativeMark  (life-technologies).  Lane  1,  sample  input
loaded in the GraFix experimented; Lane 2-8, fractions 6, 9, 12, 15, 18, 21 and 24
respectively of the GraFix. 
(C)  Analytical  size  exclusion  chromatography  of  the  protein  RPAP3-PIH1D1  in
Superdex 200 PC 3.2/30. Fractions of the peak and molecular weight markers volumes
are shown.
(D)  Oligomerization  state  determined  by  sedimentation  velocity  in  an  analytical
ultracentrifuge.  Sedimentation  coefficient  distribution  c(s)  profiles  corres-ponding  to
purified RPAP3-PIH1D1 (solid line).
(E) Oligomerization state confirmation by sedimentation equilibrium assay carried out
under the same experimental conditions than sedimentation velocity.
4.2. Human R2TP reconstitution and structure
The human R2TP was in vitro reconstituted. All components were mixed
and analyzed biochemically with the purpose of assemble and stabilize
the complex for structural biology studies. For example, size exclusion
chromatography, pull-downs and gradients  experiments  were used to
monitor the assembly of correct R2TP complex.
i )  Characterization of the human R2TP assembly
RuvBL1-RuvBL2  and  RPAP3-PIH1D1  were  purified  separately  as
homogeneous  sub-complexes  (see  above).  The  proper  assembly  of
hR2TP implicated testing different methods. I used pull-downs, SEC and
GraFix.  Pull-downs  experiments  were  the  first  option  to  obtain  the
complex.  The  simplest  method  was  mixing  RuvBL1-RuvBL2  and  an
excess of RPAP3-PIH1D1, incubate for 15 minutes at 4º degrees and
pull down from the C-terminus strep-tag-ii of RuvBL2. Then we washed
with  buffer  to  remove the  excess of  unbounded protein.  Figure 4.5A
showed that RuvBL1-RuvBL2 alone was not present in the flow-trough
pull-down  (panel  1).  RPAP3-PIH1D1  alone  was  not  present   in  the
elution in the pull-down (panel 2). The mixture of the four components in
the pull-down showed an interaction of the whole components of hR2TP
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in  those conditions (panel3).  The complex was present in the elution
fraction.  But  residual  traces  of  RuvBL1-RuvBL2  is  presented  in  the
beads after elution (Figure 4.5A).
Analytical  size  exclusion  chromatography  allows  to  purify
complexes by gel filtration through a column, this method is frequently
used in structural biology. I run separately the two  complexes obtained
previously,  RuvBL1-RuvBL2  and  RPAP3-PIH1D1.  SEC  profiles  in  a
Superdex 200 showed that RuvBL1-RuvBL2 eluted at 1.22 mL eluted. In
the other hand, RPAP3-PIH1D1 eluted in 1.34 mL. Ideally, because of
the  smaller  size  of  RPAP3-PIH1D1,  a  shift  from 1.34  mL to  smaller
elution volume should appear when is mixed with RuvBL1-RuvBL2. To
corroborate that, mixing RuvBL1-RuvBL2 plus RPAP3-PIH1D1 a shift of
RPAP3-PIH1D1 suggested the  formation of  the  complex at  1.18  mL.
Fractions  from  that  elution  volume  were  recovered  to  analyze  by
negative staining (Figure 4.5B).
Finally, we also used GraFix to reconstitute and fix the complex.
Human R2TP was reconstituted by mixing RuvBL1-RuvBL2 with a 10-
fold molar excess of RPAP3-PIH1D1 to saturate all RuvBL1-RuvBL2 in
the mixture (Figure 4.5C). Then, it was stabilized after mixing dyalizing
in (25 mM Hepes, 130 mM NaCl, 10 mM 2-mercaptoetanol) that was
first purified in a sucrose gradient after cross-linking with glutaraldehyde
(GA) (GraFix method) (Kastner et al, 2008; Stark, 2010) (Figure 4.5D).
As we can see in figure 4.5D the lane marked as + showed the RuvBL1-
RuvBL2   fraction  from  previous  GraFix.  The  mixture  of  the  four
component  with  an  excess  of  RPAP3-PIH1D1  gave  an  excess  of
RPAP3-PIH1D1 that  migrate  in  fractions  9-10,  similar  to  the  RPAP3-
PIH1D1  GraFix  alone.  A small  porcentage  of  free  RuvBL1-RuvBL2
migrated around fraction 20 (lane 1). At the end, human R2TP appears
between fraction 22-26 (lanes 2,3 and 4 of Figure 4.5D). An advantage
of  the  glutaradehyde-stabilized  complex  is  that  it  will  not  dissemble
during processing of the sample for EM, and thus the structural features
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observed can be directly assigned to hR2TP.
Figure  4.5 Biochemical characterization of the hR2TP complex.
(A)  Pull-down experiments.  SDS-PAGE and blue-coomassie  stain  of  the  pull-down
experiment of RuvBL1-RuvBL2 (panel 1), RPAP3-PIH1D (panel 2) and mixture (panel
3);  Mw,  molecular  weight  markers  are  represented  (Bio-Rad);  I,  input  loaded  and
incubated with strep-tag-ii beads; FT, flow-through of unbounded protein to the beads;
E, elution with buffer and 2.5 mM destiobiotin.
(B) Analytical size exclusion chromatography of the protein R2TP mixture in Superdex
200 PC 3.2/30.  Fractions  of  the  peak and  molecular  weight  markers  volumes are
shown. 
(C) SDS-PAGE and blue-coomassie stain of the final purification of R2TP mixture; Mw,
molecular weight markers are represented (Bio-Rad).
(D)  Blue-Native  gel  of  R2TP mixture of  GraFix  experiment.  +,  fraction  of  RuvBL1-
RuvBL2 from GraFix; Mw, molecular weight markers of NativeMark (life-technologies);
Lane 1 to 8, fractions 20, 22, 24, 26, 28, 30, 32 and 34 of the GraFix.
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ii )  Negative stained-EM of the human R2TP complex
In this section I report a preliminary view of the 3D structure obtained by
negative-stain electron microscopy. The human R2TP fraction from the
elution of the pull-down experiment (Figure 4.5A panel 3) was used to
prepare negative stain grids. They were observed in the JEOL electron
microscope operated at 100 kV. Around 150 micrographs using a pixel
size of 2.84 A/pix were obtained with the TVIPS CMOS camera. Around
17,000  particles  were  extracted  (Figure  4.6A).  Data  was  processed
using Xmipp and EMAN2 (Scheres et al, 2008; Tang  et al, 2007). The
alignment and classification shown a mixture of RuvBL1-RuvBL2 and
R2TP by 2D reference free averages. It is important to remember that
our RuvBL1-RuvBL2 appears as two back-to-back rings corresponding
to  dodecamers.  At  this  point,  it  was  difficult  to  distinguish  RuvBL1-
RuvBL2 from human R2TP because the similar shape of both complex
at low resolution (Figure 4.6B). Here, we decided to explore other ways
for a in vitro reconstitution of the complex. Human R2TP fractions from
SEC were observed by negative stain by EM. Also, in this case  a similar
mixture  of  RuvBL1-RuvBL2  and  hR2TP  was  observed  by  2D
classification. However, in this case was predictable because RuvBL1-
RuvBL2  peak  and  hR2TP  peak  are  really  close  in  the  SEC  profile
(Figure 4.6B).
Until this point, the preparation of hR2TP for EM was not enough
homogeneous. The next purpose was to obtain a stable and homoge-
neous human R2TP complex. We moved to GraFix experiment.  With
this  procedure,  it  is  possible  to  separate  the  hR2TP  and  then  the
complex  keeps  stable  because  the  fixation.  Therefore,  there  is  not
disassembly  risk  during  the  grid  preparation.  Figure  5.6C  showed  a
selection of 2D reference free classes of images from the glutaradehyde
(GA) stabilized complex. A selection of the best 2D classes were used to
produce an 3D initial model (template) with startcsym program of EMAN
(Tang  et al, 2007), imposing the 3-fold rotational symmetry present in
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RuvBL1-RuvBL2 (Figure 4.6D). We did not exactly know the rotational
symmetry of the complex. For this reason, the 3D refinement was used
the total set of particles and 3-fold and 6-fold rotational symmetry were
independently used during the images processing (Figure 4.6E). Finally,
the low resolution structure revealed that hR2TP was formed by a top
ring, compatible with the AAA+ ring of RuvBL1-RuvBL2  (Matias  et al,
2006; López-Perrote et al, 2012), and a density at the bottom, that we
later assigned to parts of RPAP3-PIH1D1. 
Figure  4.6 Negative-stained electron microscopy of human R2TP 
complex.
(A) Raw images extracted from micrographs collected of R2TP pull-down experiment.
(B)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from SEC R2TP experiment. Scale bar, 10 nm. 
(C)  Reference-free  2D  averages  obtained  after  reference  free  classi-fication  and
averaging from GraFix R2TP experiment. Scale bar, 10 nm.
(D) Two views of the initial template of R2TP. Scale bar, 10 Å. (E) GraFix R2TP models
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obtained with deferent rotational symmetry during the reconstruction. Scale bar, 10 Å.
iii )  Cryo-EM of the human R2TP complex
Once the hR2TP complex was stabilized with the GraFix and analyzed
by negative  staining,  we decided to  move to  cryo-EM.  The effect  of
fixation  makes  the  complex  stable  during  the  grid  preparation.  The
sample solution was changed by desalting columns in order to remove
sucrose and glycine excess. A few micro-liters of F27 of hR2TP obtained
by GraFix was loaded in carbon coated grids and plunged into liquid
ethane.  Grids  were  observed  in  a  JEOL  transmission  electron
microscope JEM-2200FS/CR operated at 200 kV and equipped with an
ULTRASCAN  4000  SP  CCD  camera  (GATAN)  (BioGune,  Bilbao).
Around 400 micrographs were collected, and CTF was estimated using
ctffind4 (Rohou & Grigorieff, 2015), values of maximum resolution stuck
at 12 Å (Figure 4.7). The structure of the cross-linked complex reached
a  resolution  of  25  Å  imposing  3  and  6  fold  symmetry.  This  is  not
sufficient for further interpretations, and thus, we collected a new data
set in a better microscope. 
We collected data using the same type of grids but in a better
microscope,  a  Titan  Krios  operated  at  300  kV using  Falcon  II  (FEI)
detector  and  Cs  corrector  (IGBMC,  Strasburg).  2000  movies  were
automatically  obtained  with  EPU  software  and  defocus  values  were
between 0.5 µm to 4.5 µm. Then Unblur (Grant & Grigorieff, 2015) was
used  to  align  the  frames  of  movies  (Figure  4.7A).  After  CTF  was
estimated with  ctffind4  (Rohou & Grigorieff,  2015).  We observed that
data has enough signal up to 3 Å of resolution (Figure 4.8B). Around
100,000  particles  were  extracted  from  the  micrographs.  RELION-1.4
(Scheres,  2012) was  used  to  obtain  2D  reference-free  classes.  A
selection of 2D classes were used to produce a 3D initial model (Figure
4.8C).
91
Chapter 4. 
Figure  4.7 Cryo-electron microscopy of human R2TP complex collected 
in a 200 kV microscope with a ccd camera.
(A) Electron microscopy field of hR2TP preparation obtained by cryo-EM with a JEM-
2200FS/CR (JEOL). 
(B) Fast Fourier transform (FFT) of an cryo-EM image collected  of  hR2TP complex
with a CCD. Red line shows the maximum resolution values estimated by ctffind3. 
(C)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from GraFix hR2TP experiment. Scale bar, 10 nm. 
(D) Two views of the GraFix hR2TP models obtained with different rotational symmetry
during the reconstruction. Scale bar, 10 Å.
After several rounds of 3D classification and 3D refinement, a set
of 18,000 particles was selected as sufficiently homogeneous for a final
refinement.  The  resolution  of  this  final  refinement  was  estimated
according to FSC  0.1234 criteria in 15 Å resolution. Intriguingly, the low-
resolution  structure  of  fixed  hR2TP revealed  three  prominent  spikes
(Figure 4.8C,D),  labeled with  arrows),  absent  in  the RuvBL1-RuvBL2
ring that otherwise is remarkably flat on top of the ring.
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Figure  4.8 Cryo-electron microscopy of human R2TP complex collected 
in a 300 kV microscope with a DED. 
(A) Electron microscopy field of hR2TP preparation obtained by cryo-EM with a Titan
Krios (FEI). Bar scale 50 nm.
(B) Fast Fourier transform (FFT) of an cryo-EM image collected  of  hR2TP complex
with a CCD. Red line shows the maximum resolution values estimated by ctffind4. 
(C)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from the GraFix hR2TP experiment. Arrows show extra densities in AAA+
core ring. Scale bar, 10 nm.
(D)  Two views of  the  GraFix  hR2TP structurel  obtained  imposing  3-fold  symmetry
during the reconstruction. Arrows indicates extra densities in the AAA+ core ring. Scale
bar,10 Å.
Holey carbon grids with no carbon film as support were plunged
to improve conditions in our sample preparation. In detail, we decided to
removed the fixation agent  and the sample without  cross-linking was
used for this purpose. Also, we decided to change the data collection
strategy and we used a GATAN K2 detector. This detector has better
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detective quantum efficiency (DQE) values at low resolution improving
alignments of small complexes. Human R2TP was reconstituted using
RuvBL1-RuvBL2:RPAP3-PIH1D1 ratios and buffer conditions that favo-
red  assembly  of  the  complex  in  our  GraFix  experiments.  Data  was
collected  manually  in  a  Polara  300  kV  microscope  using  Digital
Micrograph software. 845 movies were collected yielding a pixel size of
1.21 Å/pixel (Figure 4.9A). 
Figure  4.9 Cryo-electron microscopy of human R2TP complex collected 
in a 300 kV microscope with a DDD.
(A) Electron microscopy field of hR2TP preparation obtained by cryo-EM with a Polara
microscope (FEI). Bar scale 50 nm.
(B) Fast Fourier transform (FFT) of an cryo-EM image collected  of  hR2TP complex
with a CCD. Red line shows the maximum resolution values estimated by ctffind4. 
(C)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from the GraFix hR2TP experiment. Arrows show extra densities in AAA+
core ring. Scale bar, 10 nm. (D) Two views of the GraFix hR2TP structure obtained
applying 3-fold symmetry  during the reconstruction.  Arrows show extra  densities in
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AAA+ core ring. Scale bar,10 Å.
2D averages of the re-constituted hR2TP indicated the presence
of substantial structural heterogeneity. Top views were similar to those
obtained for the RuvBL1-RuvBL2 complex. On the other hand, side view
averages showed a clear RuvBL1-RuvBL2 ring at the top, and densities
at  the bottom part  that  did  not  correlate with  a RuvBL1-RuvBL2 ring
(Figure 4.9C). Interestingly, several faint extra densities were decorating
the top ring, (Figure 4.9C, labeled with white arrows). These densities
(named “ears” from hereafter)  is  absent  in RuvBL1-RuvBL2 structure
(Figure 4.2, 4.3). 
Also, those ears were already detected as 3 spikes in the cross-
linked complex (Figure 4.8C). The bottom part of these averages was
blurred,  an  indication  of  structural  heterogeneity  and/or  flexibility. We
also  found  2D  averages  corresponding  to  RuvBL1-RuvBL2  alone,
indicating that some RuvBL1-RuvBL2 dodecamers were not bound to
RPAP3-PIH1D1 and consequently double-hexamers of RuvBL1-RuvBL2
were not separated. 
iv )  Overall architecture of the human R2TP complex
Since the use of carbon grids, no fixation and a K2 direct detector
suggested  a  significant  improvement  in  the  high  resolution  details
hR2TP. We decided to collect a big data set in a Titan Krios operated at
300 kV, with energy filter (eBIC, UK). Data was collected in two different
sessions with the same parameters. To increase the number of particles,
an automatic EPU data collection was set up. A total of 3198 movies
were  obtained  with  40  frames/movie.  Movies  were  aligned  using
Motioncorr2 (Zheng et al, 2016). After several rounds of 2D classification
and particle cleaning, a set of 81070 particles was selected for movie
refinement and particle polishing (Figure 4.10A). Those classes showed
a mixture of side views, all of them have the ears extra density on the
top  of  the  RuvBL1-RuvBL2  ring.  Few  classes  had  similar  shape  to
RuvBL1-RuvBL2 side views. 
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Figure  4.10 Cryo electron microscopy of human R2TP complex in holey 
carbon grids and in a 300 kV microscope with a DED.
(A)   Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from hR2TP in holey carbon grids. Scale bar, 10 nm. 
(B) Radiation-damage weighting. For each of the four test cases, estimated values for
B-factor are shown for all movie frames. (Scheres, 2014)
(C) hR2TP structure obtained with 3-fold symmetry during the reconstruction. Different
regions can be distinguished. Scale bar,10 Å.
(D) Estimation of resolution based on the gold-standard Fourier shell correlation (FSC)
curves for hR2TP reconstitution.
Several runs of particle polishing were done to calculate the B-
factors after running different  averages of movie frames. A total of 7
frames were used as an average of frames that gave a proper SNR for
the calculations. Figure 4.10B shows the plot of B-factors assigned to
each  frame.  After  polishing  a  consensus  refine  applying  the  3-fold
symmetry  give  as  result  the  structure  shown  in  Figure  4.10C.  The
structure  obtained  in  this  experiment  showed  two  structural  different
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regions. The top ring, where RuvBL1-RuvBL2 was distinguish and the
ears were visible. The bottom part has poor resolution and we suspect
that it does not follow the 3-fold symmetry. Overall the resolution of the
structure  was  estimated  in  6.5  Å  using  the  FSC0.1234 criteria  (Figure
4.10D).
Then, rounds of 3D-classification were performed to deal with the
heterogeneity (Figure 4.11). Polished particles showed a mixture of 3D
classes and we also found  presence of double hexamers of RuvBL1-
RuvBL2  (model  6,  21  %,  Figure  4.11A)  and   hexamers  of  RuvBL1-
RuvBL2 (model 1, 24 %, Figure 4.11A). Another classification step was
run (Figure 5.11B), focusing in a selection of particles that does not look
like RuvBL1-RuvBL2 (model 2, 3 and 5, Figure 4.11A). Again, particles
from model 3 that remember to RuvBL1-RuvBL2 double hexamers were
removed  (model  3,  28  %  Figure  4.11B).  After  classification,  27,000
particles  (34  %  of  the  initial  data  set)  were  classified  as  RuvBL1-
RuvBL2.
The remain 40,000 images selected as hR2TP, were refined in 3D
without  symmetry  during  processing  (Figure  4.10C).  The  structure
obtained  in  this  experiment  confirms  that  there  are  two  structural
different regions. The top ring, where RuvBL1-RuvBL2 and ears were
distinguish  and the  bottom part  with  a  poor  resolution  without  3-fold
symmetry. Due to the flexibility in the bottom part of the molecule, we
also decided to exclude the flexible region and to classify according to
the variability in the top part by masking out the bottom of the molecule
and without symmetry assumptions (Figure 4.10D). This classification
revealed rings containing 1, 2 or 3 densities on top. The most populated,
68 % of the total number selected as R2TP,  was the 3 ears model. Then
2 ears structure was present in the 20 % of the particles and 1 ear was
present in the 12 %. In the most populated model, ears followed a 3-fold
symmetry, rather than a 6-fold arrangement, suggesting that this domain
was interacting with just one type of subunit of the RuvBL ring, which we
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later assigned to RuvBL2.
Figure  4.11 Image of 3D classification procedures.
(A) First step of global classification refinement. Distribution of particles per model is
shown. Models selected for second round of classification are marked  by asterisks.
Scale bar, 10 Å. 
(B)  Second round of  3D classification,  hR2TP is  marked by  asterisks  and  join  for
refinement. 
(C) 3D refinement model from particles selected as hR2TP. Dashed line showed the
masked applied in the follow classification (flexible parts were exclude).  Scale bar, 10
Å.
(D)  Masked  classification  of  top  part  of  the  molecule.  Different  numbers  of  ears
suggested partial occupancy. 
Particles  containing  RuvBL1-RuvBL2  double-hexamers  were
processed separately and classified  in 2D and 3D. A few rounds of 2D
and 3D were sufficient to obtain a homogeneous set of 4500 particles.
This set showed RuvBL1-RuvBL2 partially decorated decorated in 2D
with ears (Figure 4.12A). Actually, the 3D reconstitution showed ears at
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low  threshold  values  (Figure  4.12B).  Our  collaborators  in  Sussex
observed that  the long loops of  RPAP3 are accessible to proteolysis
(data  not  shown)  and  the  presence   of  degraded  RPAP3  in  the
preparation (Figure  4.12C).  We propose that  degraded RPAP3 could
decorated the double hexamers of RuvBL1-RuvBL2. We can exclude
that ears are a component of our RuvBL1-RuvBL2 preparation because
it was never observed in our reconstructions using the same preparation
(see sections before).
Figure  4.12 Independent analysis of the population with a  RuvBL1-
RuvBL2 shape. 
(A)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging. Scale bar, 10 nm. 
(B)   RuvBl1-RuvBL2  model  obtained  from  a  small  population  present  in  the
preparation. Different regions can be distinguished. Scale bar,10 Å. 
(C)  SDS-PAGE  and  blue-coomassie  of  RPAP3-PIH1D1  sample  preparation.  Long
loops of RPAP3 may be expose.
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v )  Mapping molecular  interactions reveals RPAP3 as the hub
for R2TP assembly
Then, I tested whether the three “ears” corresponded to the C-terminal
region in RPAP3 that binds RuvBL2. For this, we resolved the structure
of RuvBL1-RuvBL2 dodecamers incubated with RPAP3430-665 (Figure
4.13B), which was compared with RuvBL1-RuvBL2 (Figure 4.2/4.3). 1
µM of RuvBL1-RuvBL2 dodecamers were mixed with a 10 times molar
excess of RPAP3430-665. Grids were prepared with a MarK IV Vitrobot
(FEI) and ice thickness was checked in a JEM-1230  JEOL microscope
operated a 100 kV. A selection of 10 grids (based on ice thicknesses and
particles distribution) were mounted in a Talos Artica operated at 200 kV.
Around 667 movies were collected automatically  with  the EPU
software. Then, movie alignment,  CTF estimation and particle picking
were done and a set of 120,012 particles were extracted. A small extra
density  bound  to  the  top  and  bottom  ring  of  the  RuvBL1-RuvBL2
dodecamer  was  observed  in  the  2D  averages  of  RuvBL1-RuvBL2-
RPAP3430-665  (Figure  4.13A).  Therefore  we  concluded  that  ears
correspond at least partially to the C-terminal end of RPAP3. We found
variability in the number of RPAP3430-665 and some flexibility between
the two RuvBL1-RuvBL2 rings and we selected a subset of  particles
mostly decorated by ears in one ring to perform a 3D refinement (Figure
4.13B). This result confirmed both that the C-terminal domain of RPAP3
can decorate  up to  3  RuvBL2 subunits  at  the  C-terminal  end of  the
RuvBL1-RuvBL2 ring and that the bottom region in the hR2TP structures
should correspond to the N-terminal side of RPAP3 bound to PIH1D1.
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Figure  4.13 Molecular interactions reveal RPAP3 as the hub for R2TP 
assembly.
(A)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from RuvBL1-RuvBL2 2TP experiment. Scale bar, 10 nm. 
(B) Two views of the reconstruction of  RuvBL1-RuvBL2-GST:RPAP3-PIH1D1.  Scale
bar,10 Å. 
(C)  Interactions  defined  by  protein  cross-linked  coupled   coupled  with  mass
spectrometry. Cross-links are defined by red lines. 
Protein cross-linked coupled with mass spectrometry (XL-MS) of
the hR2TP identified several  cross-links between RuvBL2 C-terminus
and the RPAP3-RBD, that agree with the interactions described by cryo-
EM and the domain-mapping experiments (Figure 4.13C). As a internal
control, several cross-linked between RuvBL1 and RuvBL2 agreed with
the crystal structure of RuvBL1-RuvBL2, having into account a cross-
linker maximum length of 30 Å. K453, a lysine in RuvBL1 C-terminal
helix  cross-linked  K588  in  RPAP3,  indicating  the  proximity  between
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RPAP3 most C-terminal end, and the top end of the RuvBL1-RuvBL2
ring. K417 in the C-terminus of RuvBL2 might be proximal to the ears,
and this lysine was found to interact with K461 in RPAP3. This would
suggest that the N-terminus of the 430-665 fragment, which is predicted
as a long low complexity region, could be running through the side of the
ring, toward the bottom of hR2TP where the N-terminal part of RPAP3
would be placed. The scarcity of contacts between RuvBL1-RuvBL2 and
RPAP3-PIH1D1 detected by XL-MS would support that it is RPAP3-RBD
the main region bringing together RuvBL1-RuvBL2 and RPAP3-PIH1D1.
vi )  Structure of the top part in the human R2TP
To maximize the resolution from data of Titan Krios (eBIC, UK) and to
describe the structural details for the interaction between C-terminal part
of  RPAP3  and  RuvBL1-RuvBL2,  top  rings  from  all  hR2TP selection
(40,000  particles)  were  subtracted  from  each  image  and  classified
separately. This experimental procedure is called, Focus classification
and it is described in (Bai et al, 2015) . 
The  idea  is,  after  a  consensus  refinement,  use  the  angular
assignment  to  subtract  the  density  of  interest  from the  images.  This
method is useful for flexible parts of molecules. The idea was to process
the new set of  images independently and to remove the influence of
flexible part of the hR2TP during refinement. Data was classified in five
classes  (Figure  4.14A).  Again,  classification  showed  models  with
different number of ears. Particles were grouped together based on the
number  of ears. Classes with 1 or 2 ears (model 1, 2 and from left to
right) (Figure 4.14A) were grouped together and classes containing 3
ears were also merged (models 4 and 5). Due to the  angles of images
were  assigned  properly  during  the  previous  refinement,  after
classification, a local refinement was run with +/- 22.2º in the two groups
selected by the number of ears (Figure 4.14B). 
102
RESULTS
Figure  4.14 Focus classification base o the top part of hRT2P 
(A) Classification refinement of images with-out the signal of the bottom part of the
molecule. Distribution of particles per model is shown. Models selected for following
analysis are grouped by arrows. Scale bar, 10 Å. 
(B)  Different  views  of  models  obtained  from masked  local  refinement  of  particles
selected with 1 ear and 3 ears.
The two groups were independently processed to a consensus
structure (Figure 4.15B). Figure 5.14B shows different views of the two
structures. There we can appreciate an extra density in the bottom part.
Depending on the sub-grouped selected, those structures revealed one
very well defined top ring with 1 or 3 ears but it is present in both anan
extra ordered region at the bottom that we interpreted as PIH1D1. The 1
ear  structure resolved with  an average resolution of  9.2 Å resolution
(Figure  4.15B)  and  the  three  ears  structure  was  solved  at  6.4  Å
resolution base on the gold-standard method (Figure 4.16B). 
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Figure  4.15 Processing of one ear selection.
(A) Three views of the reconstruction of hR2TP selected  from classes with one ear.
PIH1D1 full-length is fitted. Scale bar, 10 Å. 
(B) Resolution estimation based on the gold-standard Fourier Shell Correlation (FSC)
curves for hR2TP, 9.2 Å (FSC 0.1234).
To  corroborate  that  PIH1D1  fits  in  the  extra  bottom  region,
PIH1D1 structure is not full-length resolved, we obtained a prediction of
the full-length structure of PIH1D1 by Phyre2  (Kelly  et al, 2015). This
tool was run in the sequence of PIH1D1 for protein modeling, prediction
and analysis. In Figure 4.15 and 4.16 PIH1D1 model (red) is fitted in the
two structures obtained by the focus classification method. 
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Figure  4.16 Processing of three ears selection.
(A) Three views of the reconstruction of hR2TP selected  from classes with one ear.
Scale bar,10 Å. 
(B) Resolution estimation based on the gold-standard Fourier Shell Correlation (FSC)
curves for hR2TP, 6.4 Å (FSC 0.1234).
Since we have a homogeneous group of hR2TP selected with 3
ears decorating the top ring (Figure 4.16). I  decided to obtain a high
resolution  structure  in  this  region.  This  part  of  the  molecule  partially
follow a symmetry. But the density interpreted as PIH1D1 breaks the 3
-fold symmetry. As easy as that, it is prepare a mask that exclude the
PIH1D1 density  and to  impose the 3-fold symmetry. 3D classification
obtained a homogeneous group  of 68 % of particles with “ears”. The
selected group was locally refined and masking in the RuvBL1-RuvBL2
ring  and  the  “ears”.  This  procedure  improved  the  structure  and  the
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resolution of rigid parts in hR2TP. 
Figure  4.17 High-resolution structure of the rigid part of hR2TP (I).
(A)  Different  views of the reconstruction of the rigid part of hR2TP, RuvBL1-RuvBL2
crystal structure is fitted into the structure (pdb 2XSZ). Scale bar,10 Å. 
In  the  structure  was  fitted  different  crystal  structures  of  the
RuvBL1-RuvBL2,  the  PBD2XSZ  fitted  pretty  well  (Figure  4.17).  The
resolution was estimated in 4.3 Å based on the gold standard following
RELION  method  (Scheres,  2012)  (Figure  4.18).  The  structure  was
locally  estimated  the  resolution  by  ResMap  (Kucukelbir  et  al,  2014)
(Figure 4.18B) Resolutions ranged between 3 to 9 Å, being the RuvBL1-
RuvBL2 ring where the highest resolution was reached (Figure 4.18B).
Data  has  potential  to  see  some  side  chains  (Figure  4.17).  The
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hexameric ring matches well the crystal structure of the RuvBL1-RuvBL2
heterohexamer containing the AAA+ core (PDB 2XSZ) and the structure
resolves α-helices, β-sheets and loops (Figure 4.17). RuvBL2 most C-
terminal helix is a few residues longer than in RuvBL1, and this extra
density discriminated RuvBL1 and RuvBL2 subunits in the cryo-EM map
(Figure 4.17). The ears appear as globular domains containing several
α-helices sitting on top of RuvBL2 C-terminal region and also proximal to
the C-terminus of RuvBL1, which agree with the XL-MS data (Figure
4.13C). 
Figure  4.18 High-resolution structure of the rigid part of hR2TP (II).
(A) Resolution estiamtion based on the gold-standard Fourier Shell Correlation (FSC)
curves for rigid part of hR2TP, 4.3 Å (FSC 0.1234). 
(B) Plot of resolution map obtained by Resmap  (Kucukelbir  et al, 2013). Number of
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voxel versus resolution. 
(C) Two slices of the resolution map obtained of the rigid part of hR2TP. Bar scale
represented resolution and colors. Bar color represented resolution. 
vii )  Structure and flexibility of the bottom part in the hR2TP
The bottom part of hR2TP did not resemble RuvBL1-RuvBL2, but rather
three globular densities loosely connected with the top ring. Given the
heterogeneity and flexibility of hR2TP, the structure of each section was
resolved  by  a  dedicated  image  processing  strategy  (see  below),
accompanied by a detailed mapping of interactions.
Apart from the C-terminal of RPAP3, the rest of the protein was
not as well defined in the consensus maps. Extensive classification of
the  data  revealed  that  the  bottom part  of  hR2TP is  flexible  and  the
refinement  of  the  data  could  not  resolve  the  structural  features  with
clarity. Apparently, the bottom region showed a high complexity, below
the RuvBL1-RuvBL2 ring there is an extra density that we could assign
as PIH1D1 as described in previous section, below a flexible part with 2
more extra densities. One looks like and arch, which is better defined
than the other  density, which looks like a ball.  To solve this, hR2TP
particles  were  further  classified  in  3D  to  obtain  a  subset  of  4148
particles.  In  this  subset,  the  bottom  part  appeared  in  a  more
homogeneous conformation (Figure 4.19A). Those particles were then
further refined and classified using a soft mask that included the entire
top ring but only a portion of the bottom region that  showed an arc-
shape, and applying local searching (Mask is showed with washed line
Figure 4.19A).
A final refinement was performed extending the mask to the whole
complex to allow inclusion of the missing densities but restricting the
angular search. This method determined the structure of hR2TP without
imposing symmetry at 8 Å resolution (Figure 4.19B,). The bottom part of
hR2TP, solved at 8 Å resolution (Figure 4.19B), comprised densities that
were compatible with the crystal structures of TPR1 (PDB 4CGV) and
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TPR2 (PDB 4CGW) of RPAP3, colored in purple (Figure 4.19B). Here, I
localized  the  region  in  the  hR2TP  that  is  involved  in  the  HSP90
recruitment.
Figure  4.19 Structure of the flexible bottom part hR2TP
(A) Two views of the reconstruction of hR2TP masked by dashed line. Scale bar, 10 Å.
(B) Three views of the hR2TP structure obtained by masked refinement.  RPAP3 TPRs
pdbs are fitted in the bottom part of the structure (PDB 4CGV & 4CGW) Scale bar, 10
Å. 
The location of the N-terminus of RPAP3 protein at the bottom of
hR2TP was verified by determining  the  structure of  hR2TP using an
RPAP3 protein tagged in the N-terminus with a GST-tag (Figure 4.20 ).
For this experiment a 10 times molar excess of GST-RPAP3 bound to
PIH1D1  was  mixed  with  RuvBL1-RuvBL2.  A  GraFix  experiment
suggested the complex is  stabilized between fractions 27 to 30. Grids
were  prepared  from sample  F28  and they were  mounted in  a  Talos
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Artica operated at 200 kV (CNB, Madrid).  487 movies were obtained
from  automatic  EPU  data  acquisition.  After  movie  alignment  with
MotionCorr2  and  CTF  estimation,  around  45,000  were  automatically
picked.  Then,  several  rounds  of   2D  classification  and  a  3D
reconstruction, suggested a 3D map with an extra density in the bottom
and flexible part of our previous reconstructions of hR2TP.
Figure  4.20 Molecular interactions reveals RPAP3 as the hub for R2TP 
assembly.
(A)  Blue-Native gel  of  RuvBL1-RuvBL2-GST_RPAP3-PIH1D1 mixture of  the GraFix
experiment. Mw, molecular weight markers of NativeMark  (life-technologies). Lane 1
to 9, fractions 10, 20, 22, 26, 27, 28, 30, 32 and 34 of the GraFix. 
(B)  Low  resolution  3D  reconstruction  structure  of  RuvBL1-RuvBL2-GST_RPAP3-
PIH1D1. Scale bar, 10 Å. Extra densities are marked with dashed line.
4.3. Structural studies of R2TP client proteins
This section contains all the experiments I performed of several client
proteins  that  are  recognized  by  hR2TP  system,  I  tried  to  obtain
recombinant  dyskerin, fragments of Telomerase Reverse Transcriptase
(TERT) and serine/threonine-protein kinase SMG1, SMG8 and SMG9 as
part of PIKKs. The was to produce material to analyze the interaction of
hR2TP with clients proteins in the future.
i )  Cloning, Expression and purification of Telomerase subunits
Telomerase  is  the  ribonucleoprotein  responsible  for  maintaining  a
suitable  length  of  telomeres  over  extensive  number  of  cell-division
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cycles.  The  telomerase  holoenzyme  complex  consists  on  a  RNA
component  called  TERC,  a  protein  component  Telomerase  Reverse
Transcriptase TERT responsible of the reverse transcriptase activity of
the  holoenzyme,  and  an  additional  protein  subunit  named  dyskerin
(Baek, 2008; Machado-Pinilla  et al, 2012; Li  et al,  2011). It has been
described  that  RuvBL1-RuvBL2  are  essential  for  the  assembly  of  a
functional  telomerase holoenzyme. Our goal is to study the structural
basis defining the assembly and maturation process of telomerase and
to describe the contributions of RuvBL1-RuvBL2 to these processes. I
tested several strategies for the expression and purification of truncated
versions of Dyskerin and the recombinant human TERT.
Figure  4.21 Cloning and analysis of the dyskerin protein.
(A) Schematic representation of a bacterial expression of Two plasmids containing the
human  dyskerin  suited  for  E.  coli  expression.  (B)  DNA analysis  of  the  cloning  of
dyskerin by agarase gel, panel 1 colony PCR, panel 2 enzyme restriction analysis. (C)
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Disorder prediction of dyskerin sequence by PONDR algorithms (Xue et al, 2010). (D)
Dyskerin  structure  prediction  obtained  by  the  Swiss-model  tool.  Disorder  loop  is
represented.
Dyskerin cDNA was ordered to Invitrogen, distributor of MGC Full-
length clones with the ID 4303933. The cDNA is cloned into EcoRI/XhoI
of pOTB7. This vector were used for designing and screening of multiple
constructs with different tags: Histidines, Strep-tag-ii, GST-tag, Trx-tag,
MBP-tag,  NusA-tag,  also,  N-terminal  or  C-terminal  position.  Dyskerin
was cloned with several tags. As example, Dyskerin cloned with a GST
in the N-terminal position on the pGEX-6P2 plasmid. Another construct
obtained was Strep-tag-ii in the N-terminal position of Dyskerin on the
second multi-cloning-site of the pRSF-Duet (Figure 4.21A). 
To check  that  the  gene  of  interest  was  correctly  cloned  I  did
colony  PCR  and  enzyme  restriction  analysis.  The   gene  size  was
checked by agaraose gels (Figure 4.21B). Also, rational high-throughput
of several tags was done to check the solubility of recombinant dyskerin.
Sequence of human protein dyskerin was analyzed by PONDR server
(Xue  et al, 2010), this give us a prediction of the secondary structure
(Figure 5.21C).The prediction suggested a disorder in N-terminal and C-
terminal  regions (Figure 4.21C). According to this result  and with the
crystal structural of Cbf5 (the yeast homologue of dyskerin) information,
via ExPASy web server I launched a search about tertiary structure of
dyskerin. The Swiis-Model tool allowed us to obtain a protein structure
model thanks to the fully automated homology-modeling server (Figure
4.21D). The analysis of this model suggested a disordered region in the
C-terminal of the protein.
E.  coli BL21  (DE3)  cells  were  transformed  with  the  positive
constructs  and  different  expression  conditions  were  carried  out  to
promote the production of the recombinant soluble protein. Results were
monitored by SDS-PAGE and Western-Blot. As preliminary result  Strep-
Tagged dyskerin construction expressed and a small amount of strep-
dyskerin.  I  focused  my  efforts  in  this  construction  and  performed  a
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purification optimization (Figure 4.22A). In this way I run the sample in a
Strep  Trap  HP column (GE Healthcare)  to  obtain  the  purified  fusion
protein,  Strep-dyskerin.  A really little amount of  protein eluted from 6
liters of cells, detected by SimplyBlue staining (Figure 4.22A). 
Figure  4.22 Expression and purification of recombinant dyskerin.
(A) SDS-PAGE of the strep-dyskerin over-expression in E. coli. Mw, molecular weight
markers  are  represented  (Bio-Rad);  lane  1h,  and  3h  different  expression  time
conditions. 
(B) Western-Blot detected by chemiluminescence of GST-antibody. +, possitive control
of GST-tagged protein. Mw, molecular weight markers are represented (Bio-Rad); lane
1h, 2h and 3h different expression time conditions. 
(C) SDS-PAGE and SimplyBlue (Invitrogen) staining of His-NusA- dyskerin purification;
Mw, molecular weight standards (Bio-Rad); Et, total extract of E. coli BL21 cells after
induction with  IPTG; SN, supernatant from Et after centrifugation; FT, flow-througth; E
elution from a HisTrap HP (GE Healthcare)
(D)  SDS-PAGE and SimplyBlue  (Invitrogen)  staining  of  Step-NusA-dyskerin  similar
conditions to C.
(E)  Size  exclusion  chromatography  plot  of  Strep-NusA-dyskerin  in  Superdex  200,
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Markers are represented by arrows. 
The GST-dyskerin construct was tested and different conditions
(temperature and time of cell growth) of expression were monitored by
Western-Blot  assay using an anti-GST antibody HRP (Figure 4.22B).
Also, a purification of His-NusA-Dyskerin construct in a Niquel column
was carried out. A nice peak of recombinant protein was produced but a
huge number of proteins contaminate appears with protein of interest
(Figure 4.22C). For this reason I decided to change the His-tag to Strep-
tag-ii. The construct Strep-NusA-Dyskerin was purified and in this case a
nice peak appears with-out contamination (Figure 4.22D). The sample
did not have good behavior and when I cleaved the Strep-NusA from
dyskerin a huge precipitation appeared, also protein precipitated when I
dialyzed to decrease salt from 1 M to 300 mM (data not shown). Finally,
Strep-NusA_dyskerin was concentrated and injected in a analytical size
exclusion  chromatography  in  the  most  stable  condition.  SEC  profile
shows that protein eluted in a high molecular weight bigger the 660 kDa
suggesting protein aggregation.
The  Homo  sapiens telomerase  reverse  transcriptase  (TERT),
transcript variant 1, cDNA was ordered to GeneCopoeia and cloned in to
pReceiver-B07. This plasmid was used for cloning small fragments from
the human TERT for recombinant expression in  E. coli.  Fragments of
TERT were selected base on previous experiments from Venteicher  et
al. (Venteicher  et  al,  2008) (FigurE  4.23A).  From  those  previous
experiment   Fragment 546-940 of  TERT was cloned into pET28-His-
MBP. This construct had a successful expression (Figure 4.23C) and I
tested different temperatures expression (37 ºC, 28 ºC and 16 ºC) for
protein purification. Expression of 3 liters of BL21 (DE3) at 28 ºC during
4 hours  were collected for protein purification in Nickel  column. The
purification was monitored by sodium dodecyl sulphate-polyacrylamide
gel  electrophoresis  (SDS–PAGE).  Fractions from elution showed well
defined 75 kDa protein,  the expected molecular  weight  for  His-MBP-
TERT(546-940) (Figure 4.23D).The main peak was pooled together and
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injected in a SEC (Figure 4.23E).
Figure  4.23 Expression and purification of recombinant TERT.
(A)  Schematic  representation  of  designed  fragments  of  the  hTERT. Characteristic
domains are indicated. T_RBD indicates the RNA binding domain. RT_nLTR domain
shares homology with LTR regions. TERT domain contains the reverse transcriptase
activity. 
(B) Schematic representation of a bacterial expression vector of the protein His-MBP-
Δ_546-940. 
(C)  SDS-PAGE  and  SimplyBlue  (Invitrogen)  staining  of  His-MBP-Δ_546-940
expression. Mw, molecular weight standards (Bio-Rad), cellular extracts before (-) and
after (+) induction with IPTG.
(D)  SDS-PAGE  and  SimplyBlue  (Invitrogen)  staining  of  His-MBP-Δ_546-940
purification.  Mw, molecular  weight  standards (Bio-  Rad);  Et,  total  extract;  FT, flow-
througth and E, elution from a HisTrap HP (GE Healthcare).
(E)  Size  exclusion  chromatography  plot  of  His-MBP-Δ_546-940  in  Superdex  200,
Markers  are  represented  by  arrows.   SDS-PAGE  of  the  purification  of  His-NusA-
dyskerin.
115
Chapter 4. 
ii )  Expression and purification of SMG1, member of the PIKK
family
The serine/threonine protein  kinase SMG1 (SMG1) is  a  large protein
(410  kDa)  that  belongs  to  PIKKs  family,  SMG1  forms  the  so-called
SMG1 complex (SMG1C) with SMG8 and SMG9 and plays an essential
role in an mRNA quality control mechanism called nonsense-mediated
mRNA decay (NMD). As part of my training, I visited the Laurence Pearl
laboratory in the University of Sussex for a three month period. During
this time protocols of recombinant expression and purification in insect
cells system for SMGs proteins were started. The cDNA sequence of
SMG1,  SMG8  and  SMG9  cloned  in  different  pFASTBac  were
transformed into DH10 multibac cells of E. coli.  Those constructs allow
the recombinant  expression of  His-SMG1,  His-SMG8 and His-SMG9.
Bacmid DNA was isolated following BacmidPrep protocol,  at  the end
DNA had a 2.5 ug/ul concentration estimated by the absorbency at 260
nm   in  a  Nanodrop  machine  (Thermo  Scientific).  To  check  the
transposition of SMGs, PCRs with primers was run. Bacmid DNA from
several  positive cell  as analyzed by agatose gel  electrophoreis.  DNA
obtained a 10000 base pair band in agarose gel stained with ethidium
bromide, SMG9 line showed a band of 1500 base (Figure 4.24B lane 3).
Those  two  DNAs  suggested  a  proper  transposition  of  the  SMG  of
interest. Instead,  SMG8 preparation did not obtained any band.
The  positive  SMG1  and  SMG9  bacmids  were  transfected  to
Spodoptera frugiperda cells. After few days a first level (P1) of viruses
production was obtained and 2 ml of viruses collected, cells were loaded
in sodium dodecyl  sulphate-polyacrylamide gel electrophoresis (SDS–
PAGE) for Western-Blot (WB) and to analyze the recombinant protein.
The total viruses were used to increase the number of viruses in a 50
mL volume. Titration was measure and the viability checked by plaque
assay.
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Figure  4.24 Baculovirus-insect cells experiments for recombinant 
expression.
(A) Schematic representation of a insect cells expression vector of the protein His-
SMG9. 
(B) Agarose gel for bacmid transposition analysis by PCR. pb, marker; lane 1, 2 and 3
are different isolation bacmids DNA. Lane 3 is a possit el 2 enzyme restriction analysis
(C) Morphology of Sf9 cells infected with pFASTBAC-htc-SMG9.
(D) Western-Blot  detected by chemiluminescence of  His-antibody. -,  uninfected Sf9
harvest cells; P1, Sf9 infected with SMG9 bacmid from the initial virus production; P2,
Sf9  infected  with  SMG9  virus  from  the  second  passage;  Mw,  molecular  weight
standards (Bio-Rad)
(E) Western-Blot detected by chemiluminescence of His-antibody. P1, Sf9 infected with
SMG1 bacmid from the initial virus production; P2, Sf9 infected with SMG1 virus from
the second passage; Mw, molecular weight standards (Bio- Rad); +, positive control
from a protein tagged with His-tag.
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Two purification started from one liter of Sf9 infected with viruses
from SMG1 and SMG9 bacmids were resuspeded in 20 mM Hepes pH
8,  500  mM NaCl,  proteases inhibitors  and 1mM Imidazol  for  protein
purification. The purification was monitored by sodium dodecyl sulphate-
polyacrylamide  gel  electrophoresis  (SDS–PAGE)  and  Western-Blot
(WB).  SMG1 was  degraded  and  purification  did  not  obtain  a  stable
protein (data not shown).
4.4. hR2TP as co-chaperone of HSP90
The human R2TP is a co-chaperone of HSP90. To start analyzing the
structural  basis  of  R2TP function,  we reconstituted  the  HSP90-R2TP
complex.
i )  Human HSP90 sample preparation
HSP90 was produced by our collaborators in Laurence Pearl laboratory
(UK). The beta human HSP90 was recombinant expressed in E. coli.
Protein  was  obtained  by   affinity  chromatography  purification  pulling
down  from  a  double  tag  in  the  N-terminal  size  (His-2XStrep-
hHSP90_beta_FL).  Sample  purity  was  analyzed  by  SDS-PAGE  and
concentration  was  quantified  by  Nanodrop  (Thermo Scientific)  in  2.4
mg/mL (Figure 4.25A).
HSP90 labeled with Alexa-488 (INVITROGEN) was produced in
batches of 50 μl at 23 μM,  enough to perform several  fluorescences
experiments in this work.  I did a screening to get the proper relation of
HSP90:Alexa-488 quantifiable  by  our  equipment  (FLA-3000).  For  the
first  trial,  I  used  20  μl  of  HSP90  and  tested  4  different  relations  of
protein-fluorofore during the reaction, 1:0, 1:2.5, 1:5 and 1:10. Then, I
stopped the reaction, SDS-PAGE was run with 0.04 ug, 0.2 ug and 1 ug
of the labeled protein. Detection of fluorescence at 473 nm was done
with  the  FLA-3000   using  a  520  nm  filter.  Then  coomassie  stained
confirmed the protein presence (Figure 4.25B). I chose 1:10 ratio as the
better condition to label HSP90 (Figure 4.25B lane 6, 10 and 14). Finally,
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around 100 ug of HSP90 was labeled for future experiments.  Then I
removed the excess of fluorofore and I quantified the final relation of
protein:fluorophore by NanoDrop (Thermo Scientific). 15 μM of protein
versus 19 μM of fluorophore was estimated reading  absorbances at 280
nm  and  495  nm  and  with  the  extinction  coefficient  of  protein  and
fluorophore.
Figure  4.25  Biochemical characterization of HSP90 and fluorescence 
experiment.
(A) SDS-PAGE and blue-coomassie stain of the final product of the hSP90 purification.
Parameters obtained in wavelength scan in  NanoDrop 2000 (Thermo Scientific). 
(B) SDS-PAGE and fluorescence detection of the HSP90 fluorescence labeling. Lane 1
and 2, correspond to positive control of FstZ labeled with Alexa-488; Mw, molecular
weight  markers  (Bio-Rad);  Lane  3  to  6,  0.04  μg of  HSP90 loaded  per  lane  with
different relations of HSP90-fluorofore in the labelling reaction 1:0, 1:2.5, 1:5 and 1:10
rescpectively; lane 7 to 10, 0.2 μg of HSP90 in same conditions as before respectively
and lane 11 to 14 1 μg of HSP90 in same conditions as before respectively. 
(C) SimplyBlue coomassie (Invitrogen) staining of same gel of (B).
ii )  HSP90-hR2TP reconstitution and characterization
Different studies of HSP90 have described several conformational
states,  and  thus,  this  molecule  is  difficult  to  characterize  by  size
exclusion chromatography. Also in our hands HSP90 eluates in fractions
that corresponds to high molecular weight compared with markers (data
not shown). In our hands SEC profiles of HSP90 and pull downs are
difficult  to  interpret.  Pull  downs  suggested  that  HSP90  and  hR2TP
interact,  but  a  lot  of  material  sticks  to  the  beads.  These experiment
indicated that we were unable to characterize the interaction of HSP90
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and R2TP by SEC. In this chapter I report pull downs results of HSP90-
hR2TP, looks like the complex stays in the beads after elution.
For  this  reason,  to  characterize  the  interaction  of  HSP90  and
hR2TP, GraFix to analyze the interaction of HSP90 and RPAP3 was
performed using similar conditions to those of hR2TP. HSP90 at 10 μM
was resolved in the gradient and the protein appears between fractions
12-15. These fractions correspond to a molecular weight of a dimer of
HSP90 (Figure 4.26A). Then, I run similar experiments mixing 10 μM  of
HSP90 with 10 μM of RPAP3-PIH1D1. In this case, something longer
than  the  dimer  of  HSP90  is  present  between  fraction  15-21  (Figure
4.26B). However,  the mixture of 1 μM  RuvBL1-RuvBL2 with 10 μM of
HSP90 suggested that there is no interaction between both ATPases
(Figure 4.26C). As Figure 4.26C shows HSP90 is present in fraction 10
and RuvBL1-RuvBL2 in fraction 25. 
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Figure  4.26 GraFix experiments in HSP90-hR2TP sub-complexes.
(A) SDS-PAGE and SimplyBlue (Invitrogen) staining of the HSP90 GraFix experiment.
Mw,  molecular  weight  markers  of  NativeMark  (life-technologies);  Lane  1,  input  of
HSP90; lane 2 to 14, HSP90 grafix fractions 3, 6, 9 12, 15, 21, 24, 27, 30, 33, 36, and
39. 
(B) SDS-PAGE and SimplyBlue (Invitrogen) staining of the HSP90-TP in the GraFix
experiment. Mw, molecular weight markers of NativeMark (life-technologies); Lane 1,
input of HSP90-TP non-fixed; lane 2 to 14, HSP90-TP grafix fractions 3, 6, 9 12, 15,
21, 24, 27, 30, 33, 36, and 39. 
(C) Blue-Native gel of RuvBL1-RuvBL2-HSP90 mixture of the GraFix experiment. Lane
1 to 9, fractions 18, 20, 22, 24, 26, 28, 30, 32 and 34 of the GraFix; Mw, molecular
weight markers of NativeMark (life-technologies). 
(D)  Blue-Native  gel  of  RuvBL1-RuvBL2-RPAP3-PIH1D1-HSP90  mixture  in  of  the
GraFix experiment. Mw, molecular weight markers of NativeMark (life-technologies);
Lane  1 to  9,  fractions  18,  20,  22,  24,  26,  28,  30,  32 and 34  of  the GraFix;  Mw,
molecular weight markers of NativeMark (life-technologies).
Although,  the  HSP90-hR2TP  GraFix  showed  several  sub-
complexes between fractions 29-35, a plateau is not as clearly formed
as previous gradient experiments for RuvBL1-RuvBL2 and hR2TP. This
suggested  that  different  HSP90-hR2TP  complexes  are  formed.  I
performed fluorescence experiments with Alexa88-HSP90 and hR2TP
components to confirm the presence of HSP90 in high molecular weight
fractions. Ideally, it is possible to quantify HSP90 in those  fractions of
high  molecular  weigh.  Fluorescence  measurements  suggested  the
presence of a population of free dimer of HSP90 but a small population
of HSP90-hR2TP was appreciated in fractions 29 to 35 (Figure 4.26A).
iii )  HSP90-hR2TP electron microscopy experiments
Negative-stain images of glutaraldehyde-stabilised HSP90-hR2TP
from fractions 29-37 were processed first in 2D, resulting in side views
that  were  consistent  with  something  longer  than  negative  stained
images of hR2TP (Figure 4.27A). A 3D structure at low resolution was
processed with the 3-fold symmetry, which is restricted to the AAA+ ring,
and  extra  densities  over  the  RuvBL1-RuvBL2  ring.  To improve  the
resolution of the model we decided to move to cryo-EM. We collected
better data in carbon film as support, in a 200 kV microscope equipped
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with  an  UltraScan  CCD  camera  (Figure  4.27A).  Data  was  collected
manually for  the hR2TP-HSP90 from fraction 33 from the GraFix. 2D
averages  of  the  reconstituted  complex  indicated  the  presence  of
substantial structural heterogeneity (Figure 4.27B). The structure of the
cross-linked  complex  did  not  reach  a  resolution  sufficient  for  further
interpretations, and thus, we decided to move to a 300 KV microscope
with a prototype of a direct detector Falcon III in the LBM institute of
Cambridge (UK). 
Figure  4.27 Fluorescence and cryo-EM experiments of the HSP90-hR2TP.
(A) Fluorescence measurements detected in A FLA-3000 in the GraFix of  HSP90-
hR2TP 
(B) Electron microscopy field of hR2TP-HSP90 preparation obtained by cryo-EM with a
JEM-2200FS/CR microscope (Jeol). 
(C)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from the GraFix HSP90-hR2TP experiment from a ULTRASCAN 4000 SP
CCD camera in a JEM-2200FS/CR. Scale bar, 10 nm.
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(D)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from the GraFix HS90-hR2TP experiment from a Falcon III prototype (FEI)
camera in a Polara (FEI). Scale bar, 10 nm. 
Around 800 movie were obtained in semi-automated mode  and
10000 particles were picked and extracted for  processing deeply. 2D
averages of  the  data  indicated the  presence of  substantial  structural
heterogeneity. RuvBL1-RuvBL2, hR2TP complexes and  extra   HSP90-
hR2TP were classified by 2D (Figure 4.27B). Neither in this case the 3D
was good enough to treat the heterogeneity.
To obtain a lager data set in a direct detector, I collected in 300
KV microscope.  The microscope chosen was a FEI  Titan Kryos with
automatic EPU data collection a 1200 movies were obtained, 150000
images  were  extracted  for  cleaning,  2D  classification  and  3D
reconstruction. 2D reference-free averages showed a clear defined ring
of RuvBL1-RuvBL2 with some extra densities but classes indicated the
presence of  substantial  structural  heterogeneity  (Figure 4.28A).  A 3D
classification  structure at  15  Å  resolution was obtained but  was not
enough to  define the  interaction region  between HSP90 and hR2TP.
Independents experiments of 3D classification were realized  applying 3-
fold  symmetry  and  no  symmetry  (Figure  4.28B  and  C).  The  3D
structures obtained in the classification converged at 15 Å resolution. In
any case, it was enough to define the interaction region between HSP90
and hR2TP.
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Figure  4.28 Processing of the HSP90-hR2TP obtained in K2 DED.
(A)  Reference-free  2D  averages  obtained  after  reference-free  classification  and
averaging from the GraFix HSP90-hR2TPexperiment from a K2 camera (GATAN) in a
Titan Krios (FEI). Scale bar, 10 nm. 
(B)  Two  structures  obtained  in  the  3D  classification  of  the  GraFix  HSP90-hR2TP
obtained  applying  3-fold  symmetry  during  the  reconstruction.  Arrows  show  extra
densities in AAA+ core ring. Scale bar,10 Å. 
(C) A structure obtained in the 3D classification of the GraFix HSP90-hR2TP  obtained
applying  no- symmetry during the reconstruction. Arrows show extra densities in AAA+
core ring. Scale bar,10 Å.
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R2TP is found from yeast to human as one of the most complex of the
various  HSP90  co-chaperones  so  far  identified,  being  a  multiprotein
complex itself, and containing components as RuvBL1 and RuvBL2 that
like HSP90 possess inherent ATPase activity on their own (Referencia).
Several client proteins can be recognized by HSP90-R2TP and these
need the co-chaperone complex for the activation or assembly. PIKK
complexes are  recruited  to  hR2TP by PIH1D1 although this  is  done
indirectly using the TEL2 subunit within the TTT complex as the scaffold
binding to PIKKs and PIH1D1. How hR2TP recognizes other well-known
substrates but which do not contain the consensus motif recognized in
TELO2 by PIH1D1 is not well  understood. In this work, I  studied the
structural  basis  of  this  large  and  flexible  co-chaperone  complex  that
integrates distinct recruitment modules, one for PIKKs and another for
HSP90.
5.1. Architecture and function of RuvBL1-RuvBL2
RuvBL1 and RuvBL2 occur together in several multiprotein complexes
such as the chromatin remodellers INO80 and SWR1 (Yen et al, 2013),
as well as in complex with the oncogenic transcription factors Myc and
β-catenin (Gorynia et al, 2011). The role of the inherent ATPase activity
of RuvBL1 and RuvBL2 in the function of these systems is very poorly
understood. Although the isolated RuvBL1 and RuvBL2 proteins appear
to be able to form homomeric rings in vitro  (Matias  et al,  2006),  the
crystal  structure  reported  by  Gorynia  et  al.   (Petukhov  et  al,
2012)showed  an  alternating  disposition  of  RuvBL1-RuvBL2  (Figure
5.1A).  We showed here  that  the  biologically  relevant  arrangement  is
believed to be an alternating heterohexamer of RuvBL1 and RuvBL2
molecules. Also, association of these heterohexamers into dodecamers
(double rings) has been observed in several structural studies (Gorynia
et al, 2011) but the biological relevance of this larger form is unclear.
This  is  further  complicated  by  observations  of  differences  between
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species  in  this  behavior  and  potential  artifacts  related  to  appended
purification tags, sample concentration or nucleotide effect (Reference).
In my studies, I  observed by size exclusion chromatography and EM
how  double-hexamers  are  usually  observed  at  micro  molar
concentrations, but the percentage of free hexamers increase upon the
dilution. There has been some discussion about the role that affinity tags
used for  the purification of  the RuvBL1–RuvBL2 complex play in  the
stability of the dodecameric complex. Cheung et al.(Gribun et al, 2008)
reported  that  yeast  double-rings  were  present  only  when  the
recombinant  proteins  contained  an  N-terminus  histidine  tag.  But  the
same  authors  described  later  on  the  structure  of  yeast  Rvb1-Rvb2
dodecamer in the absence of tags. Our preparation  in Lopez-Perrote et
al. demonstrated that cleave of the His-tag in the His-RuvBL1-RuvBL2
does not affect to the presence of double-hexamers  (López-Perrote  et
al,  2012)(  (Figure  5.1B).  In  contrast,  the  approximate  1:6:6  ratio  for
Arp5:Rvb1:Rvb2 estimated in yeast complexes would be consistent with
one Arp5 molecule per double ring in yeast (Tosi et al, 2013). In addition,
double-ring complexes have been observed for proteins tagged either at
the subunit’s N-terminus (reference) or C-terminus (reference). N- and
C-terminal ends of RuvBL1 and RuvBL2 are facing opposite sides of the
hexamer (reference). The C-terminus is projecting outwards from the top
of the ring (Figure 5.1B) precluding a role of the tag in the conformation
of the DII domains. Likely the addition of tags to the C-terminus of both
proteins  can avoid  intermolecular  contacts  between  proteins.  The  N-
terminal of both proteins is localized in the compact  ring region and
looking to the bottom part (Figure 6.1). Again, in this case, N-terminus is
far  from DII  domains and might  be  unlikely  that  the  addition  of  tags
would affect to the DII contacts of the molecule.  In addition, the relevant
oligomeric state is likely dependent on the interaction with other proteins
as part of larger macromolecular complexes. As we have seen in my
work,  after  mixing  double-hexamers  of  His-RuvBL1-RuvBL2  with
RPAP3-PIH1D1, DII contacts are broken and the hR2TP is composed
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by only one hexameric ring (Figure 5.1C).
The  first  starting  point  in  this  work  was  to  characterize
biochemically the preparation of RuvBL1-RuvBL2. RuvBL1 and RuvBL2
share 90 % of sequence homology and the molecular weight is ~50 kDa
for  each  protein.  As  we  know, different  oligomeric  states  have  been
described,  for  those  proteins.  In  our  hands,  E.  coli  recombinant  co-
expression of both proteins gives the proper environment to obtain an
equal molar ratio.  We observed this in the cellular extract,  where we
found over expressed His-RuvBL1-RuvBL2. Pull-down from the His-tag
followed by a size exclusion  chromatography are enough to  purify  a
homogeneous peak of  the complex.  The characterization of RuvBL1-
RuvBL2  by  analytical  size  exclusion  chromatography  or  by  GraFix,
showed a homogeneous preparation of around 660 kDa. Although this
molecular weight is not precise, using previous information we assumed
that 660 kDa complex corresponds to 12 subunits of the 50 kDa protein.
Once  the  protein  was  purified  we  were  able  to  start  discussing  the
following issues:
• How is  His-RuvBL1-RuvBL2 assembled  in  our  preparation?  Is
this  complex  formed  by  double-hexamers  as  previous  crystal
structures suggested?
• What is the position occupied by each protein that stabilize the
ring?  Alternating  RuvBL1-RuvBL2,  or  one ring  of  RuvBL1 and
other RuvBL2? 
• Different conformational transitions have been observed. What is
the functional significance of these conformational transitions? 
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 By  using  electron  microscopy  we  can  start  to  address  those
questions.  When  I  observed  RuvBL1-RuvBL2  in  the  electron
microscope, the side view of the molecule is elongated and the sample
appears as double-rings with around 150 Å in its largest dimension. The
dimension of the top view is around 60 Å. As I mentioned before, free
hexamers  can  be  found  in  a  small  percentage.  Upon  dilution  we
observed  an  increase  in  the  percentage  of  the  free  hexamers.  This
dilution effect could be associated to an equilibrium between hexamers
and  double-hexamers,  where  at  certain  concentration  point,  double-
hexamers are favored by the protein-protein interaction of DII domains.
Another  relevant  finding,  it  is  the  different  conformational  states
observed in the double hexamers. The side views from 2D classification
showed a  conformational  transaction  in  the  double-hexamer, and we
assume the conformational changes in the DII domain accounting for
these  transitions  (Figures  5.1D).  In  the  compact  conformation,  the
external regions of the DII domains are intimately inter-connected at the
centre of the molecule, which results in a significant shortening of the
RuvBL1-RuvBL2 dodecamer (López-Perrote et al, 2012; Silva-Martin et
al, 2016; Ewens et al, 2016). 
 In the stretched conformation, DII domains are tilted upwards and
rotate slightly, moving the AAA+ rings apart. Concurrently, the internal
regions of the DII domains are displaced, making the contact between
these  regions  from  opposite  rings  unlikely.  I  find  that  most  of  the
RuvBL1-RuvBL2  images  in  our  data  set  accommodate  these  two
structures,  and  we  do  not  detect  intermediate  conformations.  This
suggests  that  these  conformations  are  stabilized  by  a  certain
arrangement  of  the  DII  domains,  and  intermediates  between  these
extremes are  less  abundant.  Nonetheless,  we  cannot  discard  that  a
wider range of conformations might be potentially possible. In fact, the
compact  conformation  of  the  yeast  complex  described  by  other
researchers (Torreira et al, 2008) shows a wider central opening of the
AAA+ring, suggesting other conformations are also plausible. The last
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work from Jeganatan et al.  in yeast, Rvb1-Rvb2 showed at least four
conformational sub-populations between ~132 and ~155 Å length. Also,
they  claim  that  oligomerization  as  a  dodecamer  decreases  the  ATP
hydrolysis rate of the complex. It is possible that the dodecameric form
of the Rvb1/Rvb2 complex in yeast might be an inactive storage state
that subsequently switches to an active hexameric state(Jeganathan et
al, 2015).
Figure  5.1 Discussion of the RuvBL1-RuvBL2 architecture and function.
(A) Structure of the human RuvBL1-RuvBL2 that lacks the DII domains of both proteins
(PDB ID: 2XSZ), showing differences in the N and C-terminus of RuvBL1 and RuvBL2
(B)  EM  structures  from  (López-Perrote  et  al,  2012) shows  the  two  conformation
obtained as a dodecamer of human RuvBL1-RuvBL2. Scale bar, 25 Å.
(C) Model of RuvBL1-RuvBL2 dodecamers disassemble in the presence of RPAP3-
PIH1D1 and hR2TP is formed.
(D) Reference-free 2D averages obtained in this work after reference-free classification
and averaging of RuvBL1-RuvBL2. Difference in size is appreciated. Scale bar, 10 nm.
Different coexisting conformations.  
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The  DII  domain  is  structurally  similar  to  the  ssDNA-binding
domain in RPA. In addition, the isolated DII domain from RuvBL1 has
been shown to bind ssDNA, dsDNA and ssRNA in vitro  (Ewens  et al,
2016). The interaction between DII domains and DNA or RNA might shift
the equilibrium of the conformations to favor one state, regulating the
functions  of  the  complex.  In  addition,  DII  domains  are  implicated  in
protein-protein interactions between the two rings; thus, a more general
role  of  these  domains  as  protein-binding  modules  within  larger
macromolecular  complexes  could  be  possible.  Each  DII  domain  is
directly  connected  to  the  ATPase  core  of  each  monomer,  and  it  is
reasonable to hypothesize that there is a link between the conformation
of the AAA+ core and the DII domains. Conformational changes in DII
domains could regulate the ATPase activity. Some evidence suggests
that  DII  domains  modulate  the  ATPase  and  helicase  activity  of  the
RuvBL1-RuvBL2 complex (reference), and this could indicate that large
conformational  changes  within  the  dodecamer  could  have  a  wider
impact on the functionally of the RuvBL1-RuvBL2 complex. We know
that RuvBL1-RuvBL2 displays two distinct conformations and we think
that these conformational changes can have a functional impact in the
context of the large complexes containing RuvBL1-RuvBL2. 
Here  in  this  work,  we  have  described  our  RuvBL1-RuvBL2
sample  as  a  barril-shape  dodecamer.  Also,  it  has  been  observed
conformational  transitions mediated by DII  domains interactions.  With
the addition of the hetero-dimer of RPAP3-PIH1D1  to RuvBL1-RuvBL2
dodecamers,   dodecamers  fall  apart  the  double-ring  and  a  single
hexamer ring binds to RPAP3-PIH1D1. 
As we have seen in the previous chapter, our hR2TP structure
has enough resolution to fit pdbs structures. We fitted different crystals
structures  from  homo-hexamerics  rings  and  hetero-hexameric  rings.
However, an alternating conformation of RuvBL1-RuvBL2 fits better than
others.  The  RuvBL1-RuvBL2  crystal  structure  from Gorynia  et  al.  fit
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really well. Actually, in this structure the C-terminal end of RuvBL1 and
RuvBL2 can be distinguished (Figure 5.17). They are different, RuvBL2
C-terminus is slightly longer than RuvBL1. For this reasons, here we
propose that  the co-haperon hR2TP is  formed by an hexameric  and
alternating RuvBL1-RuBL2 ring.
5.2. RPAP3-PIH1D1 characterization
Previous  crystallographic  and  NMR  studies  of  the  Tah1  and  Pih1
components of yeast R2TP have revealed the structural basis for the
interactions that couple Hsp90 to Tah1, Tah1 to Pih1 and Pih1 to CK2-
phosphorylated motifs in proteins such as Tel2 and Mre11 (Hořejší et al,
2010). However the interaction of the Tah1 and Pih1 (TP) sub-complex
with Rvb1-Rvb2 has not previously been described yet. RPAP3 is quite
different to Tah1, its homologue in yeast.  Tah1 is 111 amino acids in
length and it contains only one TPR domain. On the other hand, RPAP3,
which is 665 amino acids in length compounds two TPR region, as well,
additional  domains,  poorly  characterized.  Tah1  and  RPAP3  are  an
example of protein evolution. Whereas Tah1 is only dedicated for Hsp90
and  Pih1  recruitment,  RPAP3 not  only  recruits  HSP90,  bu  it  is  also
involved in RNA polimerase assembly. The other R2TP component is
Pih1  who  has  the  PIH  domain  conserved  from  yeast  to  human
(PIH1D1).  The  hR2TP  complex  provides  a  binding  site  for  proteins
containing an acidic CK2-phosphorylation motif. This motif was initially
identified in human TELO2 (it is conserved in the yeast Tel2) (Pal et al,
2014; Hořejší  et al,  2010) and subsequently identified in a number of
other proteins (Figure 5.2). Yeast Tel2 in its turn is believed to associate
with Tti1 and Tti2 to generate the TTT complex, which interacts with PI3-
kinase like kinases such as Tor1 (References). 
Human RPAP3-PIH1D1 was co-expressed and purified from E.
coli. Surprisingly, size exclusion chromatography showed a molecular
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weight around 400 kDa, higher than the one expected (104 kDa). This
was confirmed by other methods, such as GraFix and Blue-Native gels,
where  molecular  weight  markers  showed  a  population  of  RPAP3-
PIH1D1  that  migrated  in  fractions  of  size  longer  than  100  kDa.
Nonetheless,  these  biochemical  procedures  are  not  accurate  to
calculate  the  exact  molecular  weight.  In  order  to  obtain  an  exact
molecular  weight,  ultracentrifugation  experiments  were  performed.
Sedimentation  velocity   analysis  showed a  friction  ratio  (f/fo)  of  1.8,
being  the  frictional  ratio  of  an  ideal  sphere  would  be  1.0.  Thus,  we
concluded that RPAP3-PIH1D1 is an elongated molecule. This shape
may explain the unusual behavior in gel filtration. We determined RAP3-
PIH1D1 oligomerization state using three complementary approaches,
sedimentation  velocity  (SV),  sedimentation  equilibrium  (SE)  and
dynamic light scattering (DLS). Ultracentrifugation estimated a molecular
weight  of  104 kDa,  which  agrees  with  a hetero-oligimer  of  RPAP3-
PIH1D1.  In  summary,  these  results  are  consistent  with  1:1
oligomerization of RPAP3 and PIH1D1. This hetero-dimer would have
an elongated shape, which would be responsible of an unconventional
behavior in gel filtration.
5.3. Human R2TP reconstitution
Compared to yeast R2TP where Pih1 acts as the scaffold for the Tah1
and Rvb1-Rvb2, our structure of human R2TP shows that it is RPAP3
which works as the central scaffold. RPAP3 recruits both RuvBL2 and
PIH1D1. RPAP3 binding of RuvBL2 is performed through a C-terminal
domain in RPAP3 absent in Tah1. This domain binds the top of RuvBL1-
RuvBL2.
As I showed in the previous section (Results), RuvBL1-RuvBL2
and RPAP3-PIH1D1 purified separately were used to reconstitute in vitro
the poorly understood human R2TP. Different biochemical approaches
were  used  to  assemble  a  stable  complex.  Firstly,  I  used  pull-down
assays  as  an  in  vitro  method  to  determine  a  physical  interaction
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between RuvBL1-RuvBL2 and RPAP3-PIH1D1. Pull-down assays are
useful for both confirming the existence of a protein-protein interaction
predicted  by  other  methods  or  as  an  initial  screening  assay  for
identifying  previously  unknown  protein-protein  interactions.  I  did  pull-
down  using  the  Strep-ii-tag  in  RuvBL2  complexed  witth  wild-type
RuvBL1. The elution product suggested the complex formation, but an
excess  of  RuvBL1-RuvBL2  was  detected  by  by  SDS-PAGE  and
coomassie.  I  then  explored  the  use  of  SEC  to  characterize  the
interaction between RuvBL1-RuvBL2 and RPAP3-PIH1D1. I detected a
small shift of the RuvBlL-RuvBL2 peek, but it is not resolutive enough to
conclude that R2TP has been assembled. I  decided to try a different
approach. GraFix experiments were performed and adapted to separate
the components of hR2TP (RuvBL1-RuvBL2 and RPAP3-PIH1D1) from
the whole complex.
One advantage of GraFix is that the complex is purified, stabilized
and  fixed,  which  has  some  advantages  for  structural  studies.  When
RuvBL1-RuvBL2 and RPAP3-PIH1D1 is mixed and run in the gradient,
we  have  observed  how  different  fractions  of  hR2TP appear  in  high
molecular  weight  fractions.  In  those  fractions,  excess  of  RuvBL1-
RuvBL2  or  RPAP3-PIH1D1  free  is  not  present.  Then  we  can  safely
analyze  these  fractions  by  electron  microscopy  and  be  sure  that
complex is there. Previous negative staining analysis of purified hR2TP
from pull-down and  size  exclusion  chromatography   showed several
classes that were similar to  double-hexamers of RuvBL1-RuvBL2. At
that moment, we did not know if that was the shape of hR2TP or the
complex was not assembled. We now know that the size of RuvBL1-
RuvBL2  double  hexamer  is  similar  to  hR2TP  and  size  exclusion
chromatography  is  not  able  to  resolve  RuvBL1-RuvBL2 from hR2TP
Once  the  hR2TP  had  been  stabilized  by  GraFix  this  compex  was
analyzed by cryo-EM. 
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5.4. Cryo-EM of hR2TP
First, we decided to prepare grids for cryo-EM analysis with a thin layer
of carbon on top. It had been described that grids coated with carbon
support have usually a better particle distribution, such as ribosome or
viruses (Grassucci et al, 2007). Also, lower concentration of sample (< 1
µM) can be used in this kind of supports.  For all  those reasons, we
started analyzing our hR2TP GraFix complex in coated carbon support.
A JEOL TEM 1230 microscope operated at 100 kV with a CMOS camera
was enough to check the particle distribution and check the ice quality.
In this case, high defocus images (>5 µm) and the low voltage source
give  a  high-contrast  image  enough  to  see  the  particle  distribution.
Because of the big revolution of direct detection in the field (2012) we
decided  to  explore  if  we  could  reach  high  resolution  details  in  the
hR2TP. Then, two data sets were collected automatically using Falcon II
(FEI) and EPU software (FEI). 3000 movies were obtained in four days.
It is important to mention that only few microscopes with direct detection
were suited for life sciences in  Europe  at that moment (2015) (one in
France, few in England and few in German, none in Spain). We used
Falcon  II  (FEI)  camera  because  was  available  in  Strasbourg.  This
detector could be operated with an automatic data acquisition software.
At that moment other cameras, such as K2 detector from the GATAN
company, were not available or not suited for automatic data acquisition.
Although  the  images  obtained  have  signal  up  to  3  Å.  The  data
processed do not result in a high resolution reconstruction. The structure
converged at 15 Å resolution, based in gold standard FSC0.1243. We did
not observe secondary structure features in the structure. In this case,
we think that the thin layer of carbon could have contributed to decrease
the signal to noise ratio dramatically. Also, the Falcon II (FEI) detector
has lower DQE at low resolution (McMullan et al, 2014). Alignments are
driven by low resolution features and this alignment might be essential
to obtain a subnanometer resolution. 
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In order to improve the quality of sample preparation I used the
GraFix conditions which we know to favor the hR2TP assembly but the
cross-linked was  removed.  After  mixing  the  components  of  hR2TP, I
loaded directly the mix on grids with holey carbon. Mixing gave us the
opportunity  to  have  a  good  concentration  of  the  complex,  3  μM  of
RuvBLs and 10 μM of RPAP3-PIH1D1, enough to prepare this type of
grids without extra layer of carbon. Because the K2 camera (GATAN)
offers a frame rate 10x higher than other detector brands and produces
a DQE as high as 80 % (Mcmullan et al, 2016), we decided to use this
camera in order to increase the low resolution signal. At that time, not
many microscopes offered the possibility of this camera in Europe. The
Institut de Biologie Structurale (IBS) in Grenoble, France has a Polara
(FEI)  microscope  with  a  K2  camera  (GATAN).   Data  was  collected
manually by myself, the microscope was  operated a 300 kV and 700
movies were obtained in two days. Here we can compare the automatic
data from Titan Krios (FEI) and the manual data from Polara (FEI). 3000
movies in the first case compare to 700 movies, although using different
detector. From my experience, data from Polara microscope (FEI), (a
priori  an older  generation microscope) was enough to  get secondary
structure details by 2D and 3D classification.  Resolution details reach
up to 6 Å resolution, based in gold standard FSC 0.1243. In this discussion
I want to point out that election of the correct detector may be crucial for
the  future  of  a  project.  As  we  can  appreciate,  the  new  microscope
conditions were more efficient to obtain higher resolutions details. The
Polara microscope (FEI) is a 300 kV microscope with two condenser
lenses and  we decided to use K2 detector (GATAN) conditions in holey
grids in a Titan Krios with automatic data collection. Krios has three lens
condenser system for parallel sample illumination along with quantitative
indication of convergence angle and size of illuminated area. In addition,
the stability of the column and vacuum system was an advantage. At
that time K2 camera (GATAN) did not have an automatic data collection
implemented  in  most  microscopes  accessible  for  external  users  in
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Europe, but eBIC (UK) had FEI software adapted to collect data with K2
camera. Thanks to that, we collected around 3000 movies of hR2TP in
holey carbon.
Data from Titan Krios was processed in similar way as before but
in  this  case 2D classification result  in  a  high  resolution details.  CTF
estimation  suggested  enough  signal  until  3-4  Å  resolution.  The
disposition of the “ear” in the AAA+ ring of the RuvBL1-RuvBL2 ring and
the  previous  information  from  RuvBL1-RuvBL2  promted  us  to  pre-
process  data  imposing  the  3-fold  symmetry.  The  first  reconstruction,
converged at 6 Å resolution, based in gold standard FSC  0.1243. In this
structure is possible to see secondary structure details, (alpha-helix and
beta-strands) and fit  RuvBL1-RuvBL2 crystal  structure in the cryo-EM
map.
5.5. Human R2TP architecture and function
As we have seen before, differences between yeast and human
R2TP are not well characterized. We describe the architecture of hR2TP
and we propose a model as how the hR2TP molecule could function.
Therefore my studies in the hR2TP have contributed to understand the
architecture and the function of this complex. The structural organization
and stoichiometry of the hR2TP complex and how it is coupled to the
HSP90 chaperone complex is currently unknown. Here I determine the
3D organization of hR2TP using cryo-EM. The 2D classification of the
hR2TP data suggested a homogeneous structure of  RuvBL1-RuvBL2
with an extra density on the top of ATPase ring, that we named “ears”.
Below,  where  DII  domains  protrude  from  the  RuvBL1-RuvBL2  ring
density was fuzzy and suggested a flexible part. Which we attributed to
the flexibility of the bottom part of the molecule. As I described, RPAP3
has a long loop between the TPRs domains and the C-terminus part.
Thus, the first obtained structure, suggested the RPAP3 is anchored to
the RuvBLs of RPAP3 in the top of the ring but the loop continues under
the AAA+ ATPases ring and a flexible part is localized under the ring.
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This structural interpretation is fully supported by the XL/MS data. Those
results  showed  interaction  between  K417  of  RuvBL2  and  K495  of
RPAP3 and K453 of RuvBl1 and K622 of RPAP3, the C-terminal part of
RPAP3 with DIII of AAA+ ring.
The  smallest  soluble  C-terminal  fragment  of  RPAP3  (430-665
amino-acids) obtained in this work was analyzed by EM. (experiment of
Figure  4.12).  I  observed  that  this  fragment  contacts  with  RuvBL1-
RuvBL2 and the ears come out of the structure. This experiment was
performed in a Talos Artica with a Falcon II detector. In this case a low
resolution model was enough to see the extra densities of RPAP3 C-
terminus in the top of the ring and the most abundant population was
double-hexamers of RuvBLs. Here, I obtained an important information.
The DII domains contacts that form the dodecameric complex are not
broken and most the molecules were double hexamers. Therefore, the
small  domain  of  C-terminal  part  of  RPAP3  is  not  implicated  in  the
disassemble  of  double-hexamers  of  RuvBLs.  This  suggest  that  the
PIH1D1 or the N-terminal part of RPAP3 1-429 are essential to brake
the contacts between DII of RuvBLs. In the other hand, the N-terminally
GST-tagged RPAP3 was used to  localize  the  N-terminus part  of  the
protein  in  the  hR2TP.  Cryo-EM  data  processed  from  the  GraFix
experiment showed extra densities in the bottom part of the molecule
suggesting the N-terminus of the RPAP3 was localized in the bottom
part of the molecule. Here we propose that the long and unstructured
loop  between  the  TPRs and  the  “ear”  domain  permit  that  N and  C-
terminal ends of RPAP3 are located in both sides of RuvBL1-RuvBL2
ring.Integrating  all  this  information  provided  an  interaction  map  for
RPAP3  (Figure  5.13C).  The  N-terminal  half  contains  the  two  TPR
domains. This part does not contribute to the interaction with PIHD1D1
or  RuvBL1-RuvBL2 because no contacts  were  found in  the  cryo-EM
map (Figure 5.19B,). Here, I propose that the flexibility observed in the
N-terminal  region  of  RPAP3  might  necessary  for  the  recruitment  of
HSP90 by the TPR domains. On the other hand, the C-terminal half of
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RPAP3 recruits PIH1D1 and RuvBL1-RuvBL2. In our preparation three
copies  of  RPAP3  can  decorate  the  AAA+  ring  of  RuvBL1-RuvBL2.
Mapping  interaction  experiments  performed  in  Laurence  Pearl's
laboratory  show  that  this  globular  domain,  correspond  to  541-665.
Residues  between  430-540  would  run  through  the  walls  of  the  ring
towards  the  bottom  of  the  ring.  Our  collaborators  also  showed  that
PIH1D1  binds  at  residues  400-420  of  RPAP3  a  region  that  may  sit
nearby  the  bottom  of  the  RuvBL1-RuvBL2  ring  at  the  middle  of
hR2TP(Figure  6.2).   This  information  together  with  the  structures
obtained in this work (Figures 5.14 and 5.18) we can propose a model of
the architecture of the hR2TP.
Figure  5.2 Human R2TP architecture
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When the whole data set was classified in 3D (Figure 5.10),  a
total of 30 % of the particles were identified as RuvBL1-RuvBL2. These
dodecameric  complexes were  decorated with  ears,  but  they can  not
account for the whole hR2TP. Although excess of RPAP3-PIH1D1 and
similar conditions to GraFix experiment was used, double-hexamers of
RuvBL1-RuvBL2  were  present  in  the  data.  The  most  plausible
explanation is that the formation of the complex is an equilibrium were
conditions favors the hR2TP assemble but a small  population is free
RuvBL1-RuvBL2.  RPAP3-PIH1D1  has  94  %  of  purity  detected  by
sedimentation velocity experiments sample but a small  percentage (6
%) of degradation fragments of RPAP3 appears probably because long
loop  of  RPAP3  are  exposed  to  proteolysis.  Therefore,  the  30  %
discarded as RuvBL1-RuvBL2 can contact with those fragments. This
explains  why  only  4500  particles  corresponded  to  RuvBL1-RuvBL2
decorated with ears.
In addition,  particles selected as hR2TP were 3D masked and
classified base on the top part of the molecule. This part looked more
homogeneous,  compact  and  stable  than  the  bottom  part.  The
classification suggested different occupancy of the extra densities,up to
3  ears.  Physiologically  the  concentration  of  RuvBL1-RuvBL2  and
RPAP3-PIH1D1 in cytoplasm is an equal molar ratio, but in our in vitro
conditions the excess of RPAP3-PIH1D1 may favor different occupancy
of RPAP3. According to our model, RPAP3 can occupy a maximum of
three  places  of  RuvBL1-RuvBL2  ring.  The  crystal  structure  of  the
truncated RuvBL1-RuvBL2 (PDB 2XSZ) can be fitted in the structure
obtained in this work. The occupancy of 1, 2 and 3 RPAP3 would be due
to  the  presence  of  three  copies  of  RuvBL1  and  RuvBL2  in  each
hexameric complex. 
In order to solve the structure of the complete molecule together
with  the  bottom and flexible  part,  particles  of  hR2TP were  classified
masking out the low aligned and unstructured parts. Several rounds of
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3D classification  ended  in  a  model  with  around  9000  particles.  This
model reached 9 Å resolution and it was possible to fit crystal structures
of TPR domains of RPAP3 domains (PDB 4CGW and 4CGV). Also in
this  model  a  density  below the   RuvBL1-RuvBL2 ring  appears.  This
small density fits with one molecule of PIH1D1 (32 kDa). 9000 particles
out of the total are not enough to improve the structure resolution. I think
that a larger data set could help improving the resolution.
In  conclusion,  the  structure  of  hR2TP shows that  the  RPAP3-
PIH1D1 binding site on RuvBL1-RuvBL2 is provided by the C-terminus
domain  of  RPAP3  and  an  anchor  point  between  DI-DIII  domains  of
RuvBL1-RuvBL2.  The  RuvBL1-RuvBL2  DII  domains  are  alternately
disposed around ring (Figure 7.2). Also, in our hR2TP structure the DII
domains  suggest  the  alternating  disposition  of  RuvBL1 and RuvBL2,
since those domains looks similar every two positions. One molecule of
PIH1D1 is localized below the RuvBL1-RuvBL2 ring, where DII domains
are placed, while the rest of the RPAP3 locates closer to the bottom
part. Our cryo-EM structure shows that the both HSP90 and TTT-PIKK
binding region are placed in the same side of the hR2TP complex. The
interaction to PIKKs which depends on  the TTT (Telo2, Tti1 and Tti2)
recruitment  through  PIH1D1,  appears  in  the  opposite  side  to  the  C-
terminus of RPAP3, the bottom part of RuvBL1-RuvBL2. This provides a
mechanism  whereby  hR2TP  fulfills  its  role  as  a  co-chaperone.  The
presence of a single RPAP3-PIH1D1 sub-complex in hR2TP ensures
that only a single HSP90 dimer would be recruited. But, how RuvBL1-
RuvBL2 modules function together in the stabilization and activation of
the hR2TP mediated client of the HSP90 chaperone system, remains to
be determined.
5.6. Client proteins of R2TP
Although  RuvBL1/RuvBL2  are  involved  in  a  number  of  cellular
processes by interacting with different protein complexes, the function of
the R2TP complex is more specifically related to maturation/assembly of
142
DISCUSSION
certain protein complexes such as snoRNP biogenesis, PIKKs signaling,
telomerase and RNA polymerase II. Since I reconstituted the hR2TP, I
wanted to explore how client proteins interact with hR2TP.  For this we
aim  to  characterize  complexes  between  hR2TP  and  several  client
proteins.  The experiments described here,  are the first  step to  purify
several clients for structural studies.
The control of telomere length in the chromosomes is essential for
the  DNA  stability.  Telomerase  contains  a  large  RNA  subunit,  the
telomerase  RNA component  (TERC),  a  protein  catalytic  subunit,  the
telomerase reverse transcriptase (TERT) and  another protein subunit,
the TERC binding protein, dyskerin (Gardano et al, 2012)(Steczkiewicz
et  al,  2011;  Gardano  et  al,  2012).  The  interaction  of  telomerase  to
RuvBL1-RuvBL2 had been described by several authors (Baek, 2008).
Importantly, the association of RuvBL1-RuvBL2 with dyskerin and TERT
occurs at the endogenous level in human cells. Therefore, the ATPases
RuvBL1 and RuvBL2. Part of the hR2TP, are essential component for
telomerase  maturation.  Furthermore,  the  TERT-RuvBL1-RuvBL2
complex is cell-cycle regulated and peaks during each S phase (Matias
et al, 2015)(. It is therefore important to define how critical are RuvBL1-
RuvBL2  for  telomerase  activity  and  for  accumulation  of  TERC  and
dyskerin. In addition, connections of hR2TP to telomerase are well not
described.  Experiments  will  solve  how telomerase  assembly  and  will
reveal a previously unappreciated complexity in telomerase biogenesis.
In  this  work,  I  explored the production of  several  fragments of
TERT. They were produced in Escherichia coli as soluble aggregates of
1 MDa. Probably MBP tag helped to solubilize although it was incorrectly
folded. Constructions were designed according to Venteicher et al. 2008
(Venteicher et al, 2008). The fragment 546-940 was over-expressed and
purified with a His_MBP tag in the N-terminus, the purification in a Nickel
column and the SDS-PAGE were apparently correct and similar yield
expression were obtained to Venteicher  et al. 2008  (Venteicher  et al,
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2008).  However, the size exclusion chromatography resolved a huge
peak of the recombinant protein as inclusion body. Similar results were
obtained with dyskerin recombinant expression. In this case I performed
a structural analysis of the protein sequence, that suggested a disorder
N-terminus and C-terminus, both positively charged. Different tags were
tested  Strep-tag-ii,  Histidines-tag,  Trx-tag,  GST,  NusA.  The  most
successful construct was the NusA tag, a huge tag of 40 kDa that made
the protein soluble and  correctly expressed. But this construct is not
properly folded because it formed aggregates of high molecular weight
(>1 Mda) as I described by size exclusion chromatography. RNA might
play an important role to produce this protein. I only tested recombinant
expression in bacteria. Telomerase is a large complex that interact with
other proteins and nucleic acids. Likely, other expression system could
be more successful for the expression of telomere fragments. Here, I
propose  to  continue  the  studies  using  different  systems  such  as,
mammalian, insect cells or yeast system.
In addition, during this work I studied  another client protein of
hR2TP. The serine/threonine-protein kinase SMG1 is a protein related to
the  non-sense  mediated  mRNA Decay  (NMD).  Several  studies  have
described that hR2TP plays an important role in the assemble of PIKKs
and RuvBL1-RuvBL2 have been localized together with SMG1 (Rivera-
calzada et al, 2015). For years, high-resolution structural information of
PIKKs  was limited due to the large size (approx. 280–470 kDa) and
structural complexity of these kinases. Recently, cryo-EM has been used
to solve the structure of ATM, mTOR, whereas DNAPks has been solved
by X-ray crystallography. PIKKs activity is regulated by other proteins
that interact with PIKKs to form large multi-submit protein complexes. I
focused in producing SMG1 in insect cells during a short  time in the
laboratory of Laurence Pearl.  SMG1 functions in complex with SMG8
and SMG9. The SMG1-SMG8-SMG9 complex phosphorylates UPF1, an
RNA helicase  containing  two RecA-like  domains  in  tandem at  its  C-
terminus. Phosphorylated UPF1 is a central regulator of NMD. NMD is
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also  belived  to  regulate  expression  of  a  significant  fraction  of
physiological  mRNAs.  In  the  current  model  of  premature  termination
codon (PTCs) recognition in mammals, aberrant translation termination
induces the activation of the interaction of UPF1 with the terminating
ribosome  to  assemble  a  complex  containing  UPF1,  release  factors
eRF1 and eRF3, and SMG1, known as the SMG1-SMG8-SMG9-UPF1-
eRF1-eRF3 (SURF) complex (Melero et al, 2012). The production of  the
serine/threonine-protein  kinase  SMG1 is  a  limiting  step  to  study  the
activation of this kind of PIKKs. SMG1 is a big gene with around 11000
base pares, gene codes for a 3661 amino-acids, this huge protein might
be very difficult to produce in E. coli. For this reason I decided to explore
the expression in insect cells. 
The first trial of production of SMG1 in insect cells gave us an
degraded product,  practically  impossible  to  purify. One liter  of  insect
cells infected did not produce  a stable  recombinant protein with the
correct  size  and  the  western  blot  suggested  the  degradation  of  the
protein. Probably, co-expression of SMG1, SMG8 and SMG9 that can
form  a complex,  could  be  a  good  option.  SMG8  and  SMG9  down-
regulate  the  PIKK  kinase  activity.  Our  results  showed  that  how  the
individual components of the complex are poorly expressed or degraded
when  expressed  in  insect  cells,  under  our  experimental  conditions.
Based on the  results  obatined,  I  propose an alternative  approach to
produce the SMG1 protein. Future experiments with the co-expression
of the threee, SMG1, SMG8 and SMG9, and the use of a mammalian
system, could help producing sufficient amount of protein for structural
stusies.
5.7. HSP90-hR2TP
The  HSP90  system  is  implicated  in  assembly,  stabilization,  and
activation of several proteins and complexes including protein kinases
(conventional  and  PIKK),  steroid  hormone  receptors,  NLR  innate
immunity  receptors,  and  both  viral  and  cellular  DNA  and  RNA
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polymerases . In many cases, the recruitment of those client proteins to
HSP90  is  mediated  by  co-chaperones,  adaptors  that  interact
simultaneously  with  HSP90  and  the  specific  client  protein  class.
Conventional  protein  kinases,  for  example,  are  recruited  by  Cdc37,
which arrests the ATPase-coupled conformational cycle of HSP90 ((Li et
al, 2012) and silences the kinase activity of the client (Takai et al, 2010a)
(Polier  et  al.,  2013).  PIKKs  are  recruited  by  a  far  more  complicated
system involving a chain of protein connections, mediated by an HSP90-
binding TPR-domain protein (Tah1 or Spagh/RPAP3) coupled to the CS-
domain of Pih1. The PIH-domain of Pih1 then binds the Tel2 component
of the TTT complex, which in turn binds the client  (Kakihara & Houry,
2012). The mechanistic role of the RuvBL1/RuvBL2 complex, which is
implicated  in  numerous  processes  as  well  as  PIKK
stabilization/activation, is unknown. Here, I described the structure of the
human R2TP and I proposed a mechanisms where the HSP90 protein
binds to the whole molecule. Nonetheless, as with conventional protein
kinases, the ATPase activity of the chaperone plays an important role
and  its  pharmacological  inhibition  impairs  PIKK  stability  (Takai  et  al,
2010b).  As  part  of  my  thesis,  I  started  the  characterization  of  the
HSP90-hR2TP complex.
In  this  work,  HSP90-hR2TP was  reconstituted  in  vitro.  HSP90
tagged by Alexa-488 demonstrated the presence of HSP90 in complex
with  hR2TP.  HSP90  and  the  fluorescence  label  co-migrated  with
fractions  of  larger  molecular  weigh than hR2TP. Interestingly, HSP90
was found in several large molecular weight fractions, of different size.
This suggest multiple binding events of HSP90 to hR2TP. If this is so,
and its significance will have to be explored in the future.
We have started the structural characterization of HSP90-hR2TP
containing fractions obtained by GraFix. Different fractions from GraFix
of  HSP90-hR2TP were analyzed by negative staining at  the electron
microscope.  I  concluded  that  higher  fractions  33-35  have  a  good
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distribution of particles, molecules were slightly bigger than hR2TP. This
makes sense because the addition of  HSP90 to hR2TP might increase
the size of the complex. Those assumptions drove us to collect cryo-EM
data. Two data sets were collected in different types of direct detector.
Grids contained a thin layer of carbon. We book time in the microscope
of the MRC Laboratory of Molecular Biology (Cambridge). At that time
researches from the institute were testing a prototype of Falcon III (FEI),
we collected with that detector. Data had signal  up to 3 Å resolution
(detected by CTF estimation). 2D classification showed classes with low
resolution details and 3D reconstruction only reached 15  Å resolution. I
also collected in eBIC with a K2 GATAN camera. In this case, the use of
the  K2  detector  did  not  improve  our  dat,  which  we  attributed  to  the
presence of a thin carbon layer in our grids.
Several researchers have demonstrated the advantages of using
grids  with  a  thin  layer  of  carbon,  for  example  a  good  particles
distribution, lower particle movements and lower sample concentration
can be loaded  (Passmore & Russo,  2016).  But,  not many molecules
smaller than 1 MDa have been resolved to high resolution using carbon
as suport. Our cryo-EM studies in hR2TP and HSP90-hR2TP were not
that  successful  when  I  used  grids  with  a  thin  layer  of  carbon.  In
comparison, not fixed samples and loaded in holey carbon grids reach
high resolution detail. Taken this results I propose to improve HSP90-
R2TP  reconstitution.  The  heterogeneity  obtained  on  the  GraFix
experiment suggest that the excess of RPAP3 may not be good to solve
the HSP90-R2TP complex.  
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6.1. Conclusions in English
1) Recombinant RuvBL1-RuvBL2 assembles as a mixture of hexamers
and dodecamers. A 660 kDa dodecamer is the most populated form in
our  preparations.  The  molecule  consists  of  two  hexamers  with
alternating  RuvBL1-RuvBL2  interacting  by  the  DII  domains.  The
interaction  between rings is  affected by  dilution,  which increases the
percentage of hexamers.
2) RuvBL1-RuvBL2 dodecamers show different conformations. The two
most  abundant  conformations  are  compact  and  stretched.  These
conformational changes are mediated through the DII domains.
3) RPAP3-PIH1D1 forms a elongated complex and assemble as a 1-1
heterodimer of 104 kDa.
4) The structural  architecture of  the human R2TP complex has been
defined  by  combining  in  vitro reconstitution,  negative  stain  electron
microscopy,  cryo-EM,  XL-MS,  biochemistry,  and  several  mapping
experiments.Human R2TP comprises one hexamer of RuvBL1-RuvBL2,
even when dodecameric complexes were used as input for the in vitro
reconstitution.  We  propose  that  dodecameric  RuvBL1-RuvBL2
complexes could constitute a resting complex.
5) The  C-terminal  domain  of  RPAP3  (residues  430-665)  anchors  on
RuvBL2 within the alternating RuvBL1-RuvBL2 ring. Up to three RPAP3
C-terminal  domains  can  bind  to  a  RuvBL1-RuvBL2  hexamer.  The
interaction of RPAP3 C-terminal  domain is not sufficient  to break the
interaction between RuvBL1-RuvBL2 double hexameric complexes.
6) The N-terminus of RPAP3 forms a flexible region in hR2TP, placed
below the RuvBL1-RuvBL2 ring where the DII domains are protruding.
TPR  domains  of  RPAP3,  involved  in  HSP90  interaction,  fit  in  some
density found at the bottom part of the hR2TP model. 
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7) The recruitment of proteins by the hR2TP is compartmentalized. Our
data supports a model where only one PIH1D1 is present in the hR2TP,
similar to yeast R2TP complex, for binding to one TTT complex. The
PIKKs recruitment through the TELO2 subunit  of  the TTT complex is
then localized under the RuvBL1-RuvBL2 ring where the DII domains
protrude. RPAP3 TPR domains are placed in the proximity, allowing for
HSP90 recruitment in the vicinity of the client protein. Two TPR domains
per hR2TP would determine that only one HSP90 dimer can bind per
hR2TP complex.
8) The architecture of human R2TP allows the bridge between only one
client-TTT complex, to only one HSP90 dimer in the same side of the
R2TP complex.
9) The  recombinant  production  of  TERT  fragments  and  dyskerin  in
bacteria either on its own or in combination with different tags (MBP,
NusA, Trx, His) produces insoluble aggregates of high molecular weight
complexes or incorrectly folded. SMG1 is produced in insect cells as a
degradation  product,  suggesting  we  should  explore  other  options  to
produce protein in sufficient amounts for structural studies.
10) HSP90 does not bind directly to RuvBL1-RuvBL2. An HSP90-hR2TP
complex has been reconstituted in vitro using GraFix. Several HSP90
molecules  can  bind  per  hR2TP  under  our  experimental  conditions,
where excess of RPAP3-PIH1D1 respect RuvBL1-RuvBL2 have been
used.  Reconstitution  produces  several  HSP90-containing-complexes,
whose structure and functional significance will need further research.
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6.2. Conclusiones en castellano
1) Las  proteínas  recombinantes  RuvBL1-RuvBL2  son  ensambladas
como una mezcla de hexámeros y dodecámeros.  El  dodecámero de
660  kDa,  es  la  forma  más  poblada  en  nuestras  preparaciones.  La
molécula consiste en dos hexámeros con RuvBL1-RuvBL2 alternantes,
que interaccionan por los dominios DII. La interacción entre los anillos
se ve afectada por el efecto de dilución, lo que aumenta la presencia de
hexámeros.
2) Los  dodecámeros  RuvBL1-RuvBL2  muestran  conformaciones
diferentes. Las dos conformaciones más abundantes son la  compacta y
estirada. Estos cambios conformacionales están mediados a través de
los dominios DII.
3) RPAP3-PIH1D1 forma un complejo alargado, ensamblándose como
un heterodímero (1-1) de 104 kDa.
4) Diferentes  procedimientos  entre  los  que  se  encuentran:  la
reconstitución  in  vitro del  hR2TP, microscopia  electrónica  de  tinción
negativa, crio-EM, XL-MS, bioquímica y varios experimentos de mapeo
han definido  la  arquitectura  estructural  del  complejo.  El  hR2TP está
formado por un hexámero de RuvBL1-RuvBL2, incluso cuando se parte
de  complejos  dodecamericos  para  la  reconstitución  in  vitro.
Proponemos  que  los  complejos  dodecamericos  RuvBL1-RuvBL2
podrían constituir un pre-complejo de descanso. 
5) El  dominio  C-terminal  de  RPAP3  (residuos  430-665)  ancla  en
RuvBL2  dentro  del  anillo  alternativo  RuvBL1-RuvBL2.  Hasta  tres
dominios C-terminales RPAP3 pueden unirse a un hexámero RuvBL1-
RuvBL2.  La  interacción  de  RPAP3  C-terminal  de  dominio  no  es
suficiente  para  romper  la  interacción  entre  RuvBL1-RuvBL2  doble
hexameric complejos.
6) El N-terminal de RPAP3 forma una región flexible en hR2TP, situado
debajo  del  anillo  RuvBL1-RuvBL2  en  el  que  los  dominios  DII
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sobresalen. Los dominios TPR de RPAP3, implicados en la interacción
HSP90,  encajan  en  la  densidad  encontrada  en  la  parte  inferior  del
modelo Hr2tp.
7) El  reclutamiento  de  proteínas  por  el  hR2TP  esta
compartimentalizado. Nuestros datos apoyan un modelo en el que sólo
una PIH1D1 está presente en el hR2TP, similar al modelo propuesto en
levaduras, para la unión a un complejo TTT. El reclutamiento de PIKKs
a  través  de  la  subunidad  TELO2  del  complejo  TTT  se  localiza  a
continuación,  bajo  el  anillo  RuvBL1-RuvBL2,  donde  sobresalen  los
dominios DII. Los dominios TPR se localizan próximos a PIH1D1, lo que
permite  tener  a  HSP90  cerca  para  el  reclutamiento  de  proteínas
accesorias. El encaje de sólo dos dominios TPR en hR2TP determina
que sólo un dímero HSP90 puede unirse por complejo hR2TP.
8) La  arquitectura  del  R2TP  humano  permite  la  unión  de  sólo  un
complejo cliente-TTT, a un solo dímero de HSP90 en el mismo lado del
complejo R2TP.
9) La producción recombinante de fragmentos de TERT y disquerina en
bacterias por sí sola o en combinación con diferentes marcadores (MBP,
NusA, Trx, His) produce agregados insolubles de alto peso molecular,
plegados incorrectamente.  SMG1 se produce en células  de insectos
como  un  producto  de  degradación,  lo  que  sugiere  que  debemos
explorar  otras  opciones  para  producir  estas  proteínas en cantidades
suficientes para futuros estudios.
10) HSP90  no  se  une  directamente  a  RuvBL1-RuvBL2.  Se  ha
reconstituido in vitro HSP90-hR2TP usando GraFix. Varias moléculas de
HSP90 se unen a hR2TP en nuestras condiciones experimentales. En
estas  se  ha  usado  exceso  molar  de  RPAP3-PIH1D1  respecto  a
RuvBL1-RuvBL2.  La  reconstitución  produce  varios  complejos  que
contienen HSP90, cuya estructura y significado funcional  necesitarán
más investigación.
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